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Dual  Use  Smart  Materials  For  The  MMC  Century 


Wilbur  C.  Simmons* 

Materials  Sciences  Division,  US  Army  Research  Office,  RTP,  NC 

ABSTRACT 

Research  activities  in  smart  materials  at  the  Army  Research  Office  (ARO),  over  the  past  decade  is  briefly  reviewed.  Status 
(d'the  current  program  fa  discussed.  The  current  symposia  is  previewed  and  a  look  to  the  future  needs  and  opportunities 
for  smart  materials  research  is  presented. 


1.  INTRODUCTION 

From  the  very  beginnin,  humans  have  used  materials  in  smart  ways,  for  new  purposes  for  which  they  were  not  originally 
intended,  e.g.,  using  straws  to  fish  out  food  from  ant  hills,  and  using  stones  and  sticks  to  fashion  toob.  Contmuing  to 
increase  the  sophistication  of  our  available  materials,  the  weaving  of  cloth  was,  perhaps,  the  first  biomimetic  material  in  it's 
mimiciy  of  animal  hides.  It  was  lighter,  more  comfortable  and  it  did  not  smell  as  bad  as  animal  hides.  Later  refinements 
in  ceramics,  metals  and  tools  altered  our  life  styles  and  the  way  wars  were  fought.  As  each  new  material  property  was 
discovered  and  refined,  new  smart  uses  were  found.  Thermal  expansion  of  mercury  was  used  as  a  temperature  indicator  and 
later  as  a  switch.  Bimetallic  strips  were  developed  in  the  same  manner  for  their  response  to  temperature  and  being  more 
versatile  as  detectors  and  actuators.  As  we  shaU  see  later  in  this  symposia,  a  simple  property  such  as  thermal  expansion  or 
Poisson's  ratio  can  still  be  manipulated  and  form  the  basis  for  new  sensors  and  actuators  materials.  Clever  adaptation  of 
material  properties,  crystal  structures,  phase  changes  and  architecture  at  all  dimensions  have  thus  led  to  a  wide  variety  of 
materials  used  as  sensors  and/or  actuators  designed  to  respond  to  the  environment  in  a  purposeful  way,  Le.  to  control  the 
temperature  of  a  room.  These  materials  are  called  "active  or  adaptive  materials";  however,  many  are  popularly  referred 
to  as  "smart  or  intelligent"  materiab.  An  unambiguous  definition  of  smart  materials  fa  illusive.  A  clever  utilization  of  a 
shape  memory  element  can  replace  an  entire  smart  system  (thermocouple,  control  logic  and  motor/actuator).  It  can  abo 
be  said  that  it  replaces  the  need  for  man  to  think  about  the  ambient  and  consciously  make  an  adjustment  for  temperature 
control .  Thus,  judicious  use  of  a  material  can  replace  a  smart  system  and/or  replace  human  intervention.  It  fa  difficult  to 
separate  the  smartness  of  the  inventor  or  engineer  from  the  "smartness"  of  the  materiaL 

Smart  structures  and  smart  materiab  research  is  a  relatively  new  interdfaciplinary  field  that  seeks  to  apply  the  optimized 
designs  and  functionalities  found  in  the  biological  world  to  non-biologically  based  structures.  To  that  end,  the  activities 
involved  range  from  research  on  enabling  technologies  such  as  materials,  sensing,  actuation,  algorithms  and  architectures 
to  the  development  of  fully  integrated  smart  structures.  A  smart  structure/material  is  a  non-biological  physical  structure 
having  the  following  attributes:  it  senses  the  environment,  it  responds  in  a  purposeful  way  through  design  or  by  means  of 
a  logic  controller  element  This  fa  a  biological  pattern  of  functioning.  The  ultimate  benefit  from  successful  research  in  smart 
structures/materials  will  be  the  creation  of  physical  structures  that  perform  their  functions  without  human  intervention. 


2.  PROGRESS 

In  the  late  eighties  the  US  Army  Research  Office  initiated  a  research  thrust  in  the  area  of  smart  materiab  and  structures 
with  several  national  workshops ,  international  symposia  and  an  extensive  multidisciplinary  research  program  through  the 
Department  of  Defense  University  Research  Initiative  (URl).  Smart  structures  were  considered  to  be  structures  that 
contained  embedded  sensors  and  actuators  with  associated  modern  control  systems  that  can  respond  to  external  stimuli  in 
proportion  to  intensity.  Research  areas  that  were  promoted  included  aspects  of  materiab  science,  electronics,  biosystems, 
mechanical  systems,  and  mathematical  modeling.  Specifically,  new  ideas  were  sought  for  research  related  to:  embedded 
sensors  and  actuators  (including  optical,  magnetic,  electrical,  chemical  and  mechanical);  phase  transitions  such  as  those 
invofaed  in  shape  memory;  electrorheology;  layered  structures  and  composites;  defect  crystal  structures  (e.g.,photochromic 
glasses);  biocomposites;  piezoelectric  ceramics;  multifunctional  macromolecules,  and  mathematical  fasues  related  to  smart 
materiab  and  structures.  Initially,  the  research  ramped  up  with  individual  and  collective  multidlciplinary  groups  of 
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investigators  with  three  year  grants.  The  program  reached  maturity  in  1992  with  about  forty  programs  including  the 
initiation  of  three  new  flve  year  URI  block  programs.*^’'  The  level  of  effort  was  maintained  rather  constant  for  a  number 
of  years  and  began  to  ramp  down  as  the  single  investigator  programs  completed  their  three  year  cycle  and  new  grants  were 
competitively  awaded.^*^  A  new  direction  was  embarked  upon  in  FY96  with  the  establishment  of  four  new  programs**"*^ 
in  the  Multidisciplinary-URI  (MURI)  topic  area  of  "Smart  Structural  Systems;  Mesoscale  Functional  Design".  The  work 
is  not  only  multidisciplinary  but  also  multi-institutional,  being  conducted  at  MIT,  Princeton,  Harvard,  Drexel,  UCLA  and 
CWRU.  New  processing  techniques  are  required  to  produce  entire  sensor,  actuator  and  control  functions  in  unit  cells  of  less 
than  1  mm  cube.  At  this  scale  ofarchitecture  the  arrays  are  perceived  to  act  as  a  smart  materials  property.  Microprinting 
of  metal,  insulator  and  actuator  materials  has  been  demonstrated.  Additional  composite  architecture  is  achieved  by  tape 
layering  and  by  3D-rapid  prototyping  photo  lithography  techniques.  Local  and  global  response  requires  microprinting  of 
circuits  and  elements.  The  latest  IY97  MURI  topic  on  "Design  and  Control  of  Smart  Structures"  will  address 
mathematical  issues  in  local-global  control,  simulation  and  modeling.  Results  of  the  competition  will  be  announced  after 
this  paper  is  sent  to  press.  Individual  investigator  programs  in  smart  materiak  and  stmctures  have  continned  in  all 
disciplines  at  ARO.***^ 


3.  FUTURE  REQUIREMENTS /OPPORTUNITIES 

Various  forward  looking  scenarios  of  what  the  Army  may  encounter  in  10-20  years,  and  the  conditions  under  which  it  may 
have  to  operate,  suggest  areas  ofhigh  priority  DoD  research  in  smart  materials  and  structures.  Some  general  assumptions 
are: 

a.  Lightweight  materials  and  systems  for  global  deployment 

b.  Urban  environment:  360  degree  close  range  threats  (not  stand  off  2-3  kilometers) 

c.  Terrorists  threats  caU  for  vigilance  and  detection. 

d.  Drug  interdiction,  detection  and  tracking. 

e.  Explosives,  nuclear  detection,  tracking,  and  neutralization. 

f.  Multifunctional  requirements  for  materials,  e.g.,  strength,  erosion  resistance,  and  stealth. 

g.  Simplification  of  tasks  (automatic  controlled  response). 

h.  Laser  eye  protection. 

The  US  Army  and  DoD  continues  to  recognize  and  supporte  this  area  with  multidiciplinary  programs  involving  aspects 
of  materials  science,  electronics,  biosystems,  earth  sciences,  engineered  systems  and  mathematical  modeling.  Specifically, 
new  ideas  are  sought  to  embed  or  integrate  sensors  and  actuators  at  the  mesoscale  or  molecular  level,  for  optical,  magnetic, 
electrical,  chemical,  and  mechanical  devices.  Computer  logic  chips  may  also  be  embedded  in  a  distributed  way.  One  large 
area  for  future  civilian  and  militaiy  dual  use  deals  with  the  need  for  a  biomimetic  nose  to  detect,  discriminate  and  alarm 
the  presents  of  chemical  explosives,  illegal  drugs  and  biological  agents.  Molecular  recognition  and  signal  transduction  must 
be  highly  sensitive  and  selective  yet  robust  and  regenerative.  The  use  of  actuators  and  sensors  at  milli-  and  micro-scales  is 
changing  the  way  we  think  about  the  design  and  control  strategies  of  smart  and  adaptive  structures.  Control  of  shape  at 
both  macro  and  micro  scales,  including  the  use  of  large  arrays  of  actuators,  is  desired  for  adjusting  and  focusing  mirrors, 
vibration  (noise)  suppression,  individualized  contour  seats,  suppressing  combustion  instabilities,  and  changing  the 
aerodynamic  flow  characteristics  of  aircraft.  The  possibility  of  using  biologically  inspired  designs  for  the  control  of  large 
numbers  of  micro  actuators  suggests  a  solution  to  the  problem  of  designing  muscle-like  systems  suitable  for  robotic  fingers 
and  arms.  One  of  the  advantages  that  needs  to  accrue  from  smart  and  adaptive  materials  is  their  ability  to  repair  themselves 
and  to  be  fault  tolerant  Related  to  this  is  the  necessity  for  smart  systems  with  their  multiple  sensors  and  actuators  to 
organize  themselves  into  a  system  which  is  capable  of  some  overall  functioning  with  both  normal  and  degraded  modes  of 
operation. 

Over  the  last  few  years,  with  the  downsizing  of  the  military  establishment  and  the  government's  reduced  budgets,  research 
in  aU  ^encies,  DoD,  DoE,  etc.,  has  sought  to  be  more  responsive  to  defense  and  to  commercial  interests  (Dual  Use).  Future 
research  in  smart  materials,  as  in  all  other  areas  of  government  funded  research,  wiU  be  highly  competitive. 


4.  SYMPOSIA  HIGHLIGHTS 


This  symposia  presents  the  latest  research  in  the  area  of  smart  materials  and  active  materials  for  sensors  and  actuators 
components  integrated  into  smart  structures  technology.  Materials  synthesis,  processing,  and  characterization  in  the 
following  active  material  systems  are  reported: 

*  shape  memory  alloys 

*  piezoelectric  ceramics,  polymers  and  films 

*  ferroelastic  solids  and  films 

*  electrostriction  materials 

*  electro-  and  magneto-rheological  (ER  and  MR)  fluids 

*  artificial  polymer  muscles 

*  meso-scale  integrated  composites 

*  biomimetic  approaches  for  smart  material  architectures 

*  muitUayer  and  arrays  of  sensors  and  actuators  in  a  distributed  controlled  "material” 

*  smart  polymer  and  polymer  composites 

*  multifunctional  macromolecules 

*  signal  transducting  biomimetic  materials 

*  recognition  molecules 

*  modeling  of  smart  material 

*  medical  applications 

The  most  notable  shift  in  direction  to  the  reported  research  activity  is  in  the  move  toward  macro-scale  embedded  systems 
and  meso-scale  (lO"*  to  lO^m)  integrated  smart  composites.  Rather  than  discrete  actuators  or  sensors,  more  attention  is 
given  to  a  composite  materiai  response:  a  slab  of  material  that  warps  purposefuUy  or  changes  its  surface  contour,  or 
monitors  its  health  locally;  or  alters  its  physical  characteristics  locally.  SmaU  scale  architecture  was  presented  as  a  means 
to  achieve  an  engineered  negative  Poisson's  ratio  utilized  to  increase  the  sensitivity  of  hydrophones.  New  techniques  of 
patterning  and  constructing  submillimeter  sensors,  actuators  and  distributed  control  elements  suggest  many  structural  and 
medical  applications  for  this  technology. 


The  level  of  integration  in  biological  systems  is  far  more  advanced  than  in  synthetic  smart  materiab  and  systems.  However, 
our  evolving  understanding  of  how  biological  organisms  organize,  create,  and  synthesize  systems  vrith  smart  functions  has 
inspired  the  research  community  and  already  lead  to  biomimetic  material  systems.  Concepts  from  biological  systems  can 
be  used  in  the  synthesis  and  design  of  the  next  generation  of  advanced  materials  which  function  as  smart  systems.  Recent 
developments  only  promise  the  opportunities  that  lie  ahead. 
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ABSTRACT 

The  response  time  of  TiNi  has  been  the  subject  of  several  experimental  and  theoretical 
investigations  over  the  past  decade.  One  of  the  principal  concerns  with  this  material  is  the  relatively  low 
cycle  speeds  or  operational  bandwidth  caused  by  the  considerable  length  of  time  required  to  cool  the 
material.  In  this  paper  a  finite  difference  model  of  heat  transfer  including  the  latent  heat  dissipated  during 
the  phase  transformation  is  used  to  predict  the  bandwidth  of  thin  film  TiNi.  The  film  is  modeled  as  a  plate 
subjected  to  either  forced  or  free  convection  along  the  exposed  surfaces  and  clamped  to  a  large  thermal 
mass  representative  of  silicon  wafer  at  the  ends  of  the  specimens.  Results  indicate  that  both  latent  heat  as 
well  as  the  relative  ratios  of  the  transformation  temperatures  to  ambient  temperature  strongly  influence  the 
bandwidth  of  the  material.  Good  correlation  between  the  analytical  model  and  test  data  obtained  on  a  38 
micron  wire  indicate  the  model  contains  the  correct  assumptions  to  predict  bandwidths.  The  bandwidth  of 
TiNi  thin  film  are  predicted  to  be  on  the  order  of  100  Hz  necessary  assuming  that  the  transformation 
temperatures  for  the  film  are  the  same  as  the  bulk  material. 

1.0  BACKGROUND 

Since  the  original  discovery  of  TiNi  as  a  shape  memory  alloy,  commercial  interest  has  been 
dominated  by  their  use  as  a  high  force  low  fi-equency  actuators.  This  thermally  driven  systems  has  a  cycle 
time  typically  less  than  a  hertz  which  is  limited  by  heat  transfer  processes  required  to  transform  the 
material  from  austenite  to  martensite.  By  reducing  the  materials  thermal  mass  or  by  increasing  heat 
transfer,  it  is  plausible  to  increase  the  bandwidth  significantly.  Reducing  the  thermal  mass  can  be  achieved 
by  manufacturing  thin  film  TiNi  micro-actuators  with  concomitant  reductions  in  authority  being  addressed 
with  a  distributed  network  of  micro-actuators  rather  than  a  single  bulk  actuator.  The  fact  that  IC  processing 
technologies  are  being  used  to  develop  MEMS  devices  using  sputtered  thin  film  technologies  provides 
impetus  to  develop  TiNi  micro-actuators.  However,  to  accurately  design  this  new  class  of  micro-actuators 
the  operational  bandwidth  needs  to  be  better  understood  in  order  to  determine  its  applicability  to  specific 
operational  profiles.  While  there  are  many  issues  which  need  to  be  resolved  in  the  area  of  TiNi  micro¬ 
actuators,  such  as  etching,  sputtering  reliability  etc,  bandwidth  is  clearly  a  primary  concern  from  an 
application  and  design  perspective. 

Thin  film  TiNi  actuators  are  well  suited  for  MEMS  devices  because  of  their  large  work  energy 
densities,  compatibility  with  silicon  IC  processing,  and  low  voltage  requirements.  Their  specific  energy 
density  of  IJ/gm  is  an  order  of  magnitude  larger  than  any  alternative  actuation  mechanism  such  as 
electrostatics,  magnetic,  piezoelectric,  and  bimetallic  [1  &  2].  A  large  work  energy  density  permits  smaller 
more  robust  actuator  designs  when  compared  to  existing  micro-actuators.  Research  pertaining  to  TiNi  films 
has  primarily  concentrated  on  deposition,  heat  treatments,  and  thermomechanical  characterization  [3,  4,  5, 
&  6].  Only  a  small  group  of  researchers  has  focused  on  engineering  micro-devices  from  these  thin  films 
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due  to  the  lack  of  reliable  fabrication  techniques.  Among  the  few  actuators  investigated;  Walker  et  al.  [7] 
was  one  of  the  first  to  investigate  TiNi  for  MEMS  application,  Kuribayashi  et.  al.  [8]  used  TiNi  films  to 
actuate  a  microrobotic  manipulator,  Johnson  et  al.  [9]developed  a  microvalve,  and  Lee  et  al.  [10] 
developed  a  microgripper. 

Because  TiNi  is  a  thermally  driven  actuator,  its  bandwidth  is  considerably  lower  than  electrostatic 
or  ferroelectric  actuators.  The  response  time  of  TiNi  actuators  is  limited  by  heat  dissipation  during  the 
cooling  cycle[ll,12,  &  13].  Jardine  measured  a  response  of  50Hz  for  a  20  micron  thick  thin  film  TiNi 
cantilever  and  analytically  suggested  that  500Hz  is  possible  with  2um  films  attached  to  a  silicon  substrate 
[11,13,14].  Yang  et  al.  [15]  indicated  that  a  heat  actuated  bistable  micro-beam  could  proceed  with  an 
operational  bandwidth  in  excess  of  a  kilohertz.  These  and  other  studies  indicate  that  the  bandwidth  of  heat 
actuated  micro-structures  such  as  TiNi  could  satisfy  many  high  frequency  operational  requirements  of  the 
MEMS  community.  However,  a  systematic  study  of  the  bandwidth  and  its  relation  to  material  properties 
has  been  lacking  in  the  literature  and  thus  motivated  this  research 

2.0  ANALYTICAL  MODEL 

The  operational  bandwidth  of  TiNi  is  controlled  by  the  heat  transfer  fi-om  the  material  to  its 
surroundings  during  the  phase  transformation  from  austenite  to  martensite.  Parameters  which  influence 
this  process  include  surface  to  volume  ratios,  conduction,  convection,  and  latent  heat.  While  the 
temperature  rise  time  associated  with  the  transformation  fi-om  martensite  to  austenite  can  occur  in  the 
kilohertz  range,  the  heat  dissipation  required  to  cool  the  material  takes  considerably  longer  and  for  many 
structural  applications  limits  the  bandwidth  of  the  actuator  to  a  hertz.  In  this  paper  we  investigate  the 
influence  of  surface  to  volume  ratios  on  the  bandwidth  of  an  actuator  fabricated  from  thin  film.  The  fi'ee 
standing  film  is  attached  at  the  ends  to  a  conducting  surface  held  at  room.  All  other  exposed  areas  transfer 
heat  by  either  free  convection  or  forced  convection  to  the  surrounding  air.  The  analysis  is  divided  into  a 
heating  analysis  and  a  cooling  analysis  with  the  cooling  analysis  subdivided  between 
conduction/convection  and  latent  heat. 


2.1  Heat  Analysis 

The  film  was  heated  via  Joule  heating  fi-om  a  current  source  with  a  sufficient  amount  of  power 
available.  The  time  required  to  transform  the  material  from  martensite  to  austenite  can  be  determined  firom 
power  balance.  Assuming  that  the  material  heats  uniformly,  an  energy  balance  between  power  supplied  to 
the  film  and  internal  heat  generated  in  a  material  results  in  the  following  expression 

Power  =  fR  =  mC^—  +  —  (2.1a) 

”  dt  dt  ^ 

where  the  first  term  represents  the  thermal  mass  and  the  second  term  represents  latent  heat.  In  incremental 
form  we  can  rewrite  2.1a  as  follows 


Power  =  I^R  = 


(2.1b) 


where  m  is  mass,  Tmax  (or  Af)  and  Too  are  the  film  and  ambient  temperatures  respectively,  Cp:  specific 
heat,  Q:  latent  heat  of  transformation,  R  is  the  resistance  of  the  film,  and  I  is  the  current  provided  over 
some  time  increment  At.  Solving  equation  2.1b  for  the  time  to  heat  a  specimen  At  with  a  current  I  we  have 


(2.2) 


mCpAT  +  mQ 


Based  on  Equation  2.2  the  time  to  heat  a  specimen  is  related  to  the  inverse  square  of  the  current.  Reducing 
the  heating  time  can  be  achieved  by  increasing  the  current.  Therefore,  based  on  Equation  2.2  the 
transformation  time  from  martensite  to  austenite  is  not  a  significant  issue  in  regards  to  bandwidth  of  the 
material. 


2.2  Cooling  Analysis 

A  uniform  temperature  was  assumed  to  exist  in  the  material  during  the  heating  cycle,  this 
assumption  is  not  valid  for  the  cooling  analysis  and  requires  a  more  accurate  model.  To  permit 
temperature  variations  within  the  material  a  finite  difference  code  was  developed  to  analyze  the  cooling 
response  of  the  film.  The  film  was  modeled  as  a  plate  clamped  at  the  two  ends  of  the  specimen  (Figure  1) 
wiA  heat  dissipation  by  free  or  forced  convection  on  the  two  exposed  surfaces,  and  conduction  at  the  ends 
of  the  specimen.  The  ends  were  treated  as  heat  sinks  with  a  constant  temperature  of  25°C  indicative  of  a 
large  silicon  substrate  at  room  temperature.  From  symmetry  arguments,  only  half  of  the  plate  was 
analyzed. 

In  developing  a  finite  difference  model,  a  uniform  temperature  distribution  is  assumed  to  exist  in 
each  element  reducing  the  problem  to  a  1-dimensional  heat  transfer  analysis  (see  Figure  2).  This  is  a 
reasonable  assumption  since  the  Biot  number  (Bi=  hLc/k  <  0.1)  for  the  thin  films  used  in  this  study  is  less 
than  0.1.  The  Biot  number  is  a  measure  of  the  temperature  drop  in  the  solid  relative  to  the  temperature 
difference  between  the  surface  and  air.  In  other  words,  a  small  Bj  indicates  a  sufficiently  large  conduction 
rate  is  present  within  the  solid  relative  to  the  convective  heat  dissipation,  such  that  a  imiform  temperature 
within  the  element  is  maintained.  For  a  given  node  i,  we  have  heat  fluxes  due  to  conduction  qin  from  the 
adjacent  right  node  i+1,  qout  to  the  adjacent  left  node  i-1,  and  convection  losses  through  the  exposed 
surfaces  q^nv  Using  this  notation,  the  balance  of  heat  flux  in  an  element  is: 

mCpdT/dt  =  -qconv  '^ut  ftin  (2.3a) 

or 


mCp  —  =  -2(wAx  +  tAx)h(Ti  -T„)  + 
^  dt 


(2.3b) 


Where  h  is  the  average  convection  heat  transfer  coefficient;  k  is  the  conduction  coefficient;  T;  is  the 
elements  temperature;  m  is  the  mass  of  the  element;  w,  t,  and  Ax  represent  dimensions  of  the  nodal 
elements  of  the  TiNi  material.  The  set  of  finite  difference  equations  for  this  problem  can  be  cast  in  the 
following  form. 


^0+1  -^o~ 
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2Ax{w  +  t)KT,-T„)-^(Ti,,+T,.i  -27j) 


(2.4a) 
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Equation  2.4b  represents  the  element  along  the  boundary  where  qin=0  due  to  symmetry  conditions.  In 
Equations  2.4,  Tq+i  is  the  temperature  of  node  i  for  the  next  time  step,  Ti,  Tj+i,  and  Tn  are  the 
temperatures  of  the  ith  node,  the  right  node  and  the  left  node  respectively.  At  is  the  time  step,  m  the  mass 
of  each  node.  Replacing  the  mass  term  (m)  in  equation  2.4  by  the  mass  density  (p)  multiplied  by  the 
volume  (V),  the  following  parameters  control  the  cooling  rate  of  this  material;  surface  area  to  volume  ratio, 
heat  convection  coefficient,  and  heat  conduction  coefficient. 

2.3  Latent  Heat 


The  above  derivation  did  not  include  the  latent  heat  dissipated  during  the  transformation  process. 
During  the  heating  and  cooling  cycles  TiNi  imdergoes  a  phase  transformation.  The  phase  transformation 
occurs  over  a  temperature  range  identified  by  austenite  start  and  finish  temperatures  (As-Af)  during  the 
heating  cycle  and  martensite  start  and  finish  temperatures  (Mg-Mf)  during  the  cooling  cycle.  Phase 
transformation  is  endothermic  during  heating  and  exothermic  upon  cooling.  Therefore,  assuming  sufficient 
power  is  available  to  heat  the  sample  (2.1a)  the  endothermic  cycle  does  not  limit  the  bandwidth  but  the 
exotherm  during  the  cooling  cycle  is  a  major  concern. 

To  provide  a  tractable  solution  to  this  problem,  we  assumed  that  the  austenite/martensite 
transformation  proceeds  until  a  critical  temperature  is  reached,  at  which  point  the  temperature  remains 
constant  imtil  the  entire  latent  heat  is  dissipated.  For  the  results  presented  here  we  assumed  that  this 
temperature  was  the  average  of  martensite  start  and  finish  temperatures  ([M^  +  Mf]/2  =  47  C).  Considering 
only  the  temperature  rise  produced  by  latent  heat  an  energy  balance  at  each  element  gives 


pVCpdT/dt  +  pVQ/dt  -  -qconv  •<Icond(out)  <lcond(in) 


Based  on  our  assumption  that  the  latent  heat  is  dissipated  at  a  constant  temperature  dT/dt  =  0  and  the  heat 
flux  equation  becomes 


pVQ 

At 


=  -A,h{Ti  -  7;)  -  A,k  +  A^k 


Ac 


Ax 


(2.5a) 


pVQ 

At 


=  -2(wAc  +  tAx)h{Tj  -T„)  + 


(2.5b) 


Further  simplification  produces  the  following  finite  difference  equations 


At 

pVM 
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At 
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(2.  6a) 
(2.6b) 


where  Equation  2.6b  is  for  the  node  with  boundary  conditions  qin  =  0.  Once  again,  the  time  to  dissipate 
the  latent  heat  is  controlled  by  the  surface  to  volume  ratio,  the  heat  convection  coefficient,  and  the  heat 
conduction  coefficient.  Thus  an  incremental  amount  of  latent  heat  is  dissipated  for  each  time  step  until  all 
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the  latent  heat  is  dissipated,  at  which  point  the  film  resumes  its  original  cooling  profile  defined  in  Equation 
2.4. 


2.4  Convection  Heat  Transfer  Coefficient 

The  convection  heat  transfer  coefficient  h  can  be  calculated  with  the  Nusselt  number  Nul  which 
is  a  measure  of  heat  transfer  at  the  surface.  The  Nusselt  number  includes  information  regarding  local  flow 
conditions  at  the  surface,  that  is  forced  or  free  convection.  The  Nul  is  related  to  the  heat  transfer 
coefficient  by  the  following 

_  Jij 

Nul=^  (2.7) 

^air 


where  kafr  is  the  thermal  conductivity  of  air,  and  is  a  characteristic  length.  The  modeled  developed 
includes  both  laminar  and  turbulent  flow  conditions.  Under  laminar  flow  conditions  (RaL  <  10  )  for  a 
vertical  plate  the  Nusselt  number  is  given  by  the  following  empirical  equations  [16]. 


0.670  Ra, 


1/4 


=0.68  +  - 


14/9 


[l  +  (0.492 /Pr)’^*®] 

If  flow  conditions  are  turbulent  the  Nusselt  number  is  given  by 


(2.  8a) 


Nuj,= 


0.387  i?a, 
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0.825  + 


[l  + (0.492 /Pr)’^‘®] 
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(2.  8b) 


Where  Pr  is  the  Prandlt  number  Pr  =  v/a  representing  the  ratio  of  the  kinematic  viscosity  v  over  the 
thermal  diffusivity  a.  For  the  results  presented  in  this  paper  all  flow  conditions  are  laminar  and  Equation 
2.8a  are  used.  However,  we  do  note  that  for  turbulent  flow  patterns  the  Nusselt  number  is  larger  and  we 
would  expect  to  see  cooling  times  which  are  quicker  than  presented  here.  The  Rayleigh  number  RaL  is 
analogous  to  the  Reynolds  number  in  fluid  mechanics  and  is  defined  as 

Raj^  =  (2.  9) 

va 

where  g  is  gravity,  and  P  is  the  volumetric  thermal  expansion  coefficient. 


If  the  plates  were  horizontal,  the  flow  conditions  are  different  and  the  Nusselt  numbers  are  given 
by  the  following  relations: 
at  the  upper  surface  of  a  heated  plate 


1/4 

Nul  =  0-54  RaL 

(10'*<Ra<10^) 

(2.10a) 

1/3 

Nul  =  0.15  RaL 

(10^<Ra<10^') 

(2.10b) 

and  at  the  lower  surface  of  a  heated  plate 


(10^<Ra<10^®) 


1/4 

Nul  =  0.27  RaL 


(2.10c) 


The  characteristic  length  Lc  in  RaL  is  now  given  by  Lc  =  Aj/P  (surface  area  divided  by  the  perimeter). 


3.0  Experimental  Set  Up 

In  order  to  corroborate  the  analytical  predictions  an  experimental  setup  was  constructed  to 
evaluate  the  response  of  both  thin  film  TiNi  and  TiNi  wire.  A  LVDT  (linear  variable  displacement 
transducer)  capable  of  micron  resolution  coupled  to  a  data  acquisition  system  monitors  the  displacement  of 
the  TiNi  sample  when  pulsed  with  an  arbitrary  wave  signal  (Figure  3).  The  TiNi  has  a  variable  traction 
applied  to  the  ends  with  the  load  in  this  case  representing  approximately  ISOMPa.  When  the  TiNi  material 
is  heated  to  the  austenite  phase,  the  sample  contracts  and  when  it  cools  to  the  martensite  phase  it  elongates 
due  to  the  differences  in  Young’s  modulus  between  the  two  phases.  The  input  wave  signal  or  voltage  pulse 
is  produce  by  a  lOOW  Keithley  model  228A  voltage/current  source.  The  LVDT  model  25b-MHR  and 
ATA-101  analog  transducer  amplifier  are  from  Lucas  Controls  Inc.  and  provides  up  to  kHz  excitation 
times.  LVDT  signals  were  conditioned  by  the  ATA-101  and  sent  to  the  Keithley  Metrabyte  DAS-8PGA 
A/D  board.  A  Dell  486DX2-66  PC  running  Labtech  Notebook  version  7.20  was  used  to  acquire  the  data 
from  the  DAS-8PGA.  The  system  displayed  in  Figure  3  is  housed  in  a  thermal  cycling  chamber  (Delta 
Design  9028)  to  permit  operation  of  the  thin  film  or  wire  at  various  temperatures  to  evaluate  the  material’s 
response.  At  this  writing  the  thin  film  systems  had  not  been  produced  and  only  TiNi  wire  data  are 
presented. 


4.0  Analytical/Experimental  Results 

Analytical  results  for  cooling  a  TiNi  thin  film  with  properties  identified  in  Table  I  are  presented 
in  Figure  4.  The  film  is  modeled  as  a  vertical  plate  with  free  convection  on  the  exposed  surfaces  and 
conduction  through  the  ends.  In  the  3-D  plot  of  Figure  4,  the  vertical  axes  represents  die  temperature  at  a 
specific  node,  white  the  two  horizontal  axis  represent  either  the  geometric  position  in  the  TiNi  film  or  the 
time.  The  plateau  in  the  cooling  profile  indicates  that  the  latent  heat  generated  by  the  austenite  to 
martensite  phase  transformation  is  being  dissipated.  This  result  suggests  that  the  latent  heat  occupies  a 
substantial  time  period  and  will  significantly  influence  the  bandwidth  for  this  material.  For  this  particular 
Ix4mmx4|rm  thin  film,  the  finite  difference  model  predicts  a  cooling  time  which  provides  an  operational 
bandwidth  for  the  material  of  69  Hz.  Studies  done  on  varying  the  width  of  the  film  between  0.5  mm  and  4 
mm  produced  negligible  shifts  (less  than  4%)  in  the  bandwidth. 

As  a  means  to  corroborate  the  analytical  predictions,  the  response  of  a  38|rm  diameter  wire  6cm 
long  were  measured  and  compared  with  results  from  the  finite  difference  model.  Analytical  results 
produced  by  the  model  are  provided  in  Figure  5.  As  with  the  thin  film,  a  plateau  region  is  reached  in 
which  the  latent  heat  generated  by  the  austenite  to  martensite  phase  transformation  is  being  dissipated. 
This  again  occupies  a  major  portion  of  the  cooling  curve.  The  cooling  rate  for  the  wire  is  considerably 
longer  almost  an  order  of  magnitude  larger  than  for  the  thin  film  results  presented  in  Figure  4.  For  the  wire 
the  operational  bandwidth  is  predicted  to  be  6.5  Hz  which  corresponds  to  a  cooling  time  of  153  msec. 
While  not  shown  in  the  figure,  if  the  temperature  at  which  latent  heat  dissipates  is  shifted  upward  25  C  (i.e. 
75  C)  the  bandwidth  of  the  material  increases  by  a  factor  of  two,  that  is  12  Hz.  This  indicates  that 
magnitudes  and  relative  ratios  of  the  Mj  and  Mf  temperatures  strongly  influence  the  bandwidth  of  the 
material. 


Experimental  tests  results  for  a  thin  wire  are  provided  in  Figure  6.  The  top  curve  in  the  figure 
represents  the  wave  signal  to  heat  the  specimen.  An  8V  source  was  applied  for  0.1  sec  and  caused  the 
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sample  to  heat  just  above  the  austenite  finish  temperature.  A  number  of  tests  Avere  performed  to  ensure  that 
this  heating  time  did  not  cause  an  overshoot  in  temperature.  The  sample  was  permitted  to  cool  for  a 
sufficiently  large  time  (i.e.  0.2  sec)  to  assess  the  samples  bandwidth.  The  lower  curve  in  Figure  6  presents 
displacement  measurements  in  terms  of  voltage  as  a  function  of  time.  As  can  be  seen  the  contraction  (or 
increase  in  voltage  fi-om  -2.8  to  -1.5)  of  the  element  during  the  heating  cycle  closely  follows  the  applied 
voltage.  Upon  removal  of  the  current,  the  wire  slowly  returns  to  the  original  position  prior  to  heating;  thus 
indicating  that  the  reverse  transformation  to  martensite  is  complete.  The  time  to  return  to  this  original 
position  represents  the  cool  down  cycle  used  in  calculating  the  bandwidth  for  the  material.  For  this 
particular  case  the  wire  produced  a  bandwidth  of  approximately  5  Hz  which  is  in  reasonable  agreement 
with  the  6.5  Hz  prediction  of  the  model. 

To  further  evaluate  the  accuracy  of  the  model  the  response  of  TiNi  wire  at  0°C  was  examined. 
Shifting  the  ambient  temperature  by  25°C  is  analytically  equivalent  to  shifting  the  transformation 
temperature  of  the  material  by  25°C.  This  is  an  important  consideration  for  thin  filin  where  the 
transformation  temperature  of  the  material  largely  depends  upon  the  manufacturing  process  and  can  vary 
by  50°C  .  In  figure  7  the  analytical  results  for  a  38  micron  wire  in  ambient  temperatures  of  0°C  is 
presented.  The  cool  down  time  is  considerably  shorter  than  for  the  previous  ambient  temperature  of  25  C. 
For  the  ambient  temperature  of  0°C  the  model  predicts  an  operational  bandwidth  of  10.2Hz  (compared  to  6 
Hz  for  room  temperature)  or  a  cooling  time  of  97  msec. 

Experimental  results  obtained  for  this  wire  are  presented  in  Figure  8.  While  not  shown  in  the  figure,  the 
driving  voltage  to  heat  the  sample  was  the  same  as  provided  in  Figure  6,  or  8V  for  0.1  sec  followed  by  a 
similar  cooling  cycle  of  0.2  sec.  Therefore,  the  single  curve  presented  in  Figure  8  represents  the 
displacement  response  of  the  wire.  As  the  wire  decreases  its  length  from  1.5  volts  to  1.9  volts,  the  sample 
changes  from  martensite  to  austentite.  The  differences  in  voltage  output  for  the  LVDT  for  this 
configuration  over  the  previous  room  temperature  operation  is  due  to  length  changes  in  the  sample.  Test 
results  in  Figure  8  indicate  that  the  operational  bandwidth  for  this  material  is  20  Hz  or  a  cooling  time  of  50 
msec.  This  test  data  indicates  a  faster  cool  down  time  than  suggested  by  the  analytical  model  by  a  factor  of 
two.  A  number  of  features  associated  with  the  experimental  procedures  may  attribute  to  this  discrepancy. 
Nonetheless  the  predictions  are  of  the  same  order  of  magnitude  as  the  test  results. 

In  Figure  9,  we  present  analytical  results  for  thin  film  TiNi  as  a  fimction  of  film  thickness  for  three 
different  transformation  temperatures,  that  is  (M5+Mf)/2  =  33,  40,  and  47°C.  Results  indicate  that  the 
bandwidth  of  the  material  with  transformation  properties  similar  to  the  bulk  material  approach  300  Hz  as 
the  thickness  of  the  film  is  reduced  to  one  micron,  a  size  compatible  with  MEMS  manufacturing.  For  film 
thickness  of  4  microns,  the  bandwidths  are  69,  52,  and  29  Hz  for  samples  with  latent  heat  dissipated  at  47, 
40  and  33  °C  respectively.  For  a  film  whose  thickness  is  1  micron,  the  bandwidths  are  277,  212,  and  1 19 
for  the  three  materials  studied  indicating  that  simple  extrapolations  based  on  film  thickness  is 
inappropriate.  Furthermore,  even  though  the  transformation  temperatures  were  reduced  linearly  (i.e.  7  °C), 
the  corresponding  reduction  in  bandwidths  were  nonlinear.  Therefore,  reducing  the  transformation 
temperatures  causes  a  nonlinear  increase  in  the  time  to  cool  the  specimen  or  corresponding  decreases  in  the 
operational  bandwidth  of  the  material.  Based  on  the  good  agreement  obtained  between  experimental  and 
analytical  results  for  the  wire,  the  predictions  presented  in  Figure  9  appear  to  be  reasonable  numbers  but  a 
number  of  comments  are  needed.  First,  thin  film  TiNi  typically  is  Ni  rich  which  lowers  the  transformation 
temperatures  of  the  material.  As  presented  in  Figure  9,  small  changes  in  transformation  temperatures  with 
respect  to  ambient  temperature  significantly  influence  the  bandwidth  (e.g.  almost  a  factor  of  three  for  a 
shift  of  14°C).  While  not  shown  here  shifts  in  M,  and  Mf,  even  though  their  ratios  remain  constant,  will 
also  influence  the  bandwidth  of  a  thin  film  TiNi  structure. 


5.0  Conclusions 


In  this  paper  a  finite  difference  code  which  included  latent  heat  was  developed  to  predict  the  heating  and 
cooling  rate  of  thin  film  TiNi  structures.  The  film  was  modeled  as  a  flat  plate  either  vertically  or 
horizontally  oriented  with  either  free  convection  or  forced  convection  along  its  exposed  surfaces.  Results 
indicated  that  the  latent  heat  term  contributes  significantly  to  lowering  the  operational  bandwidth  of  the 
material.  Comparisons  between  analytical  results  and  test  data  obtained  on  a  38  micron  wire  indicated 
good  correlation  suggesting  the  model  is  correctly  depicting  the  operational  bandwidth  for  the  material. 
The  bandwidth  of  TiNi  micro-actuators  fabricated  with  thin  film  were  predicted  to  be  on  the  order  of  100 
Hz  assuming  that  transformation  temperatures  for  the  film  were  the  same  as  the  bulk  material  and  the 
material  was  free  standing.  Furthermore,  the  three  transformation  temperatures  Af,  Mf  and  and  there 
relative  ratios  contribute  significantly  to  determining  the  bandwidth  for  these  materials  as  do  the  relative 
structure  of  the  micro-actuator  itself. 
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Table  I  Values  used  in  the  heat  analysis  model. 


Constants 

definition 

value 

units 

g 

gravitational  acceleration 

9.8 

m/s^ 

V 

kinematic  viscosity  (air) 

26.4X  10’^ 

m^/s 

a 

thermal  dififiisivity  (air) 

38.3X  10'^ 

m^/s 

volumetric  thermal  expansion 

coefficient 

1/Tf 

1/K 

k 

thermal  conductivity  (TiNi) 

0.21 

W/Kcm 

kair 

thermal  conductivity  (air) 

33.8X  10'^ 

W/cmK 

Too 

ambient  temperature 

25 

C 

P 

density  (TiNi) 

6.45 

g/cc 

Rs 

Sheet  resistance  of  TiNi 

80x10'^ 

Q  cm 

R 

Resistance 

R=Rs  1/wt 

LI 

Q 

latent  heat  of  transformation 

25.0 

J/g 

Cp 

specific  heat  (TiNi) 

0.23 

J/gK 

L 

charac.  length  (half  film  length) 

0.2 

cm 

dx 

width  of  node  elem.  (//40) 

lx  10'^ 

cm 

w 

film  width 

0.1 

cm 

1 

film  length 

0.4 

cm 

t 

film  thickness 

-4 

4x  10 

cm 

NiTi 

Clamps 


Q  conv 

Figure  1 :  Illustration  of  physical  model  used  to  analyze  the  heat  transfer  in  thin  film  TiNi  clamped  to 
slicon  at  the  ends. 
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Figure  2;  Schematic  of  finite  difference  model  with  20  nodal  elements. 
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time  msec 

Figure  5:  Analytical  results  for  the  cooling  profile  at  different  element  location  of  a  38  micron  diameter 
wire  in  an  ambient  environment  of  25  degree  Celsius. 
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Figure  6:  Experimental  results  for  the  heating  and  cooling  of  a  38  micron  diameter  wire  with  ambient 
environment  of  25  degree  Celsius.  The  top  curve  represents  the  voltage  supplied  to  the  wire  and  the 
bottom  curve  provides  the  LVDT  output. 


Figure  7:  Analytical  results  for  the  cooling  profile  at  different  element  location  of  a  38  micron  diameter 
wire  in  an  ambient  environment  of  0  degree  Celsius. 
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0  C  0.1  sec  heat  0.2  sec  cool 


Figure  9:  Bandwidth  for  a  thin  fihn  with  three  different  martensite  phase  transformation  temperatures. 
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ABSTRACT 

A  new  design  for  shape  memory  alloy  rotatory  joint  actuators  using  shape  memory  effect  and  pseudoelastic  effect  is 
presented.  In  this  design,  one  SMA  wire  works  with  its  shape  memory  effect,  while  the  other  SMA  wire  works  with 
its  pseudoelastic  effect.  The  pseudoelastic  type  of  SMA  wire  provides  the  shape  memory  type  of  SMA  wire  with  bias 
force,  and  therefore,  the  bias  spring  in  a  bias  force  type  of  SMA  actuator  can  be  eliminated.  A  quasi-static  analysis 
of  this  type  of  actuators  is  performed  which  incorporates  a  varying  load  torque.  General  stress-strain  relation  and 
stress-temperature  relation  of  the  shape  memory  effect  wire  and  a  formula  for  an  equivalent  spring  rate  of  the  pseu¬ 
doelastic  wire  are  derived.  Liang  and  Rogers’  model  for  shape  memory  materials  is  used  for  the  analysis.  An  exper¬ 
imental  method  to  obtain  the  equivalent  spring  rate  is  also  described.  Design  formulas  for  a  simplified  design  are 
derived  based  on  the  quasi-static  analysis  of  the  actuator. 

Keywords:  shape  memory  alloy,  rotatory  joint  actuator. 


1.  INTRODUCTION 

Shape  memory  alloys  (SMA)  have  found  a  wide  range  of  applications  because  of  their  unique  shape  memory  effect 
(SME)  and  pseudoelastic  effect  (PEE).  Shape  memory  effect  of  SMA  materials  has  been  widely  exploited  in  design 
of  SMA  force  and  displacement  actuators.  But  pseudoelastic  effect  of  SMA  materials  has  received  little  attention  in 
design  of  SMA  force  and  displacement  actuators.  Liang  md  Rogers^  presented  a  design  for  SMA  force  and  displace¬ 
ment  actuators,  based  on  the  thermomechanical  constitutive  relations  for  shape  memory  materials  which  had  been 
previously  developed  by  Liang  and  Rogers.^  The  design  covers  both  bias  spring  SMA  actuators  and  differential  SMA 
force  actuators  which  exploit  shape  memory  effect  of  SMA  materials.  A  dead  weight  load  was  considered. 

Wang  and  Shahinpoor^  presented  a  simplified  design  approach  for  a  bias  force  type  of  SMA  rotatory  joint  actu¬ 
ators  which  incorporates  a  sinusoidal  load  torque.  A  concept  of  allowable  variation  of  bias  stress  within  working 
range  was  introduced  in  that  design.  This  concept  incorporates  design  considerations  on  utility  of  SMA  material’s 
load  capacity,  spring  constant  and  geometric  parameters  of  the  bias  spring.  It  provides  explicit  physical  meanings 
related  to  those  design  considerations  and  yields  a  very  simple  design  procedure.  A  smaller  variation  of  bias  stress 
relates  to  a  softer  and  longer  spring,  and  takes  away  less  load  capacity  of  the  actuating  SMA  wire  during  actuating 
process.  On  the  other  hand,  a  larger  variation  of  bias  stress  means  a  stiffer  and  shorter  spring,  and  takes  away  more 
load  capacity  of  the  actuating  SMA  wire  during  actuating  process.  For  that  design,  the  stress-strain  states  of  the 
SMA  wire  within  working  range  can  be  determined  and  are  depicted  by  the  curve  B  to  C  in  Figure  1,  where  states 
B  (Oq,  Eq,  Tq)  and  C  (o^,  e^,  T^)  are  pre-determined  through  uniaxial  material  tests  on  the  SMA  wire  which  is  to  be 
used  in  a  designed  SMA  actuator.  As  a  trade-off  for  simplicity  of  design,  that  design  does  not  provide  a  temperature 
value  for  a  state  within  states  B  and  C.  For  many  cases,  maximum  output  force  and  displacement  range  of  a  SMA 
actuator  are  important,  not  an  exact  temperature  value  under  a  certain  displacement  or  a  certain  load.  For  those 
cases,  this  simplified  design  approach  is  justified. 

This  paper  describes  a  new  design  for  a  bias  force  type  of  SMA  rotatory  joint  actuators  using  two  contractile 
SMA  wires,  one  of  which  is  passive  and  functional  with  its  pseudoelastic  effect  and  acts  as  a  bias  spring.  The  main 
advantage  of  this  design  is  the  elimination  of  a  bias  spring  in  a  bias  force  type  of  SMA  actuator.  This  advantage  is 
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Figure  1 :  Working  States  of  a  SM A  wire  in  a  bias  force  type  of  SMA  actuator 


critical  when  the  SMA  actuator  is  to  be  used  in  biomechanical  applications  where  a  stressed  spring  is  one  of  safety 
concerns. 


2.  QUASI-STATIC  ANALYSIS  OF  THE  SMA  ROTATORY  JOINT  ACTUATOR 

Figure  2  is  a  schematic  of  a  type  of  SMA  rotatory  joint  actuator  using  both  shape  memory  effect  and  pseudoelastic 
effect  of  shape  memory  alloys.  In  this  type  of  actuators,  two  types  of  SMA  wires  are  used,  one  SME  type  and  the 
other  PEE  type.  In  Figure  2,  the  SME  wire  works  as  an  actuating  component,  while  the  PEE  wire  acts  as  a  bias  spring 
to  provide  the  actuating  SME  wire  with  bias  force,  i.e.,  restoring  force  to  strain  the  SME  wire  back  to  its  initial  po¬ 
sition  when  the  SME  wire  is  cooled.  The  definitions  of  the  symbols  in  Figure  2  are  listed  below; 

a:  angular  displacement  of  the  rotatory  Joint  actuator; 

r:  radius  of  the  plenary  joint  in  the  rotatory  joint  actuator; 

W:  weight  of  the  link,  which  is  the  load  of  the  rotatory  joint  actuator; 

s:  equivalent  torque  arm  of  the  link  mass  with  respect  to  joint  center; 

F;  actuating  force  provided  by  the  SMA  wire; 

R:  resistant  force  (bias  force)  from  the  pseudoelastic  effect  wire; 

Al :  actuating  displacement,  the  length  change  of  the  SME  wire  to  bring  the  link  from  its  initial  position  to  its 
actuated  position; 

k:  equivalent  spring  rate  of  the  pseudoelastic  effect  (PEE)  wire. 

In  this  paper,  o,  e,  A,  and  I  represent  stress,  strain,  cross-section  area,  and  zero  strain  length  of  a  shape  mem¬ 
ory  alloy  wire,  respectively.  Variables  with  superscript  ‘SM’  are  variables  for  the  shape  memory  effect  wire,  and  the 
variables  with  superscript  ‘PE’  are  variables  for  the  pseudoelastic  effect  wire.  Variables  with  subscript  ‘0’  represent 
the  values  of  the  variables  at  the  initial  link  position  a^,  and  the  variables  with  subscript  ‘a’  the  values  of  the  vari¬ 
ables  at  the  fully  actuated  link  position  The  friction  on  the  joint  surface  is  assumed  to  be  negligible. 
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Figure  2:  Schematic  of  a  SMA  rotatory  actuator  using  shape  memory  effect  and  pseudoelastic  effect 
2.1.  Thermomechanical  relation  for  the  SMA  rotatory  joint  actuators 

A  quasi-static  analysis  of  the  SMA  joint  actuators  is  assumed  in  this  paper  to  reduce  the  complexity  of  the  problem, 
and  therefore  the  inertia  of  the  link  mass  is  not  considered. 

The  moment  equilibrium  equation  of  the  link  at  an  arbitrary  angular  displacement  a  can  be  written  as 

=  0  (1) 

where  T  is  the  output  torque  of  the  actuator  at  position  a.  The  thermomechanical  stress  of  the  SME  wire,  ,  and 
the  isothermal  stress  of  the  PEE  wire,  are  described  in  the  following  sections. 

The  initial  condition  of  the  actuator  system  is 

/ .  SM  SM  ,  PF  PE^ 

(A  Oq  -a  )r-TQ  =  0  (2) 

And  the  angular  displacement  a  can  be  expressed  as 


“  =  «0  + 


a  =  ao  + 


25 


2.2.  Isothermal  stress-strain  relation  of  the  PEE  wire 

By  Liang  and  Rogers,^  the  stress  increment  of  the  PEE  wire  under  constant  temperature  can  be  written  as 

tjPE  _  -  ef )  +  (f  ^  )  (5) 

where  and  £2^^  are  the  Young’s  modulus  and  phase  transformation  tensor  of  the  PEE  wire  material,  respective¬ 
ly.  Since  the  PEE  wire  is  passive  and  not  heated  during  operation  of  the  actuator,  it  is  considered  to  have  a  constant 
temperature.  The  is  the  martensite  fraction  of  the  PEE  wire,  and  its  relation  to  material  properties  and  its  de- 
pendance  on  transformation  history  are  described  by  Liang  and  Rogers. 

To  model  the  PEE  wire  as  an  equivalent  bias  spring,  we  can  also  write  the  stress-strain  relation  of  the  PEE  wire 
as 


,PE_ 


niPE 

^PE  _  f^PE_ 
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where  k  is  an  equivalent  spring  rate  of  the  PEE  wire  for  the  process  from  the  state  Tq)  to  the  state 


Equations  (5)  and  (6)  yield 


k  = 


aPE^PE 

rPE 


(7) 


where  is  an  equivalent  elastic  modulus  of  the  PEE  wire  for  the  same  process  and  is  expressed  by 

Q.pE{%pe_^p^Es^ 


j^PE  ^dPE+. 


-PE _ pPE 
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The  value  of  can  be  obtained  in  two  ways.  One  is  to  use  a  constitutive  model  for  shape  memory  materials, 
such  as  the  model  by  Liang  and  Rogers,^  and  simulate  a  transformation  process  numerically.  But  it  needs  the  values 
of  material  properties  such  as  b^,  M^,  etc.  The  other  way  is  to  obtain  the  value  of  E  through  a 

uniaxial  material  test  on  the  PEE  wire.  Figure  3  (b)  is  a  schematic  of  working  states  of  the  PEE  wire.  The  slope  of 
the  dashed  line  from  point  B  to  point  C  in  Figure  3  (b)  is  the  equivalent  elastic  modulus  F  ^  for  the  process  from 
state  B  to  state  C.  This  is  obvious  by  considering  equations  (6)  and  (7).  After  E  is  determined,  the  equivalent 
spring  rate  k  can  be  calculated  by  using  equation  (7). 


2.3.  Thermomechanical  relations  of  the  SME  wire 

When  a  SME  wire  is  used  as  an  actuating  component  in  an  actuator,  the  fundamental  for  it  to  work  is  its  behavior  of 
large  recoverable  strain,  which  is  named  the  shape  memory  effect.  This  is  depicted  in  Figure  3  (a).  Two  stress  vs. 
strain  curves  of  a  SMA  wire  are  shown  in  the  figure.  One  represents  its  behavior  at  a  high  temperature  T^,  which  is 
higher  than  its  Austenite  finish  temperature  Af.  The  other  represents  its  behavior  at  a  low  temperature  Tq,  which  is 
lower  than  its  austenite  start  temperature  Ag.  At  a  temperature  lower  than  Aj,  the  SME  wire  is  easily  stretched  to 
elongate  because  of  the  bias  force  provided  by  the  PEE  wire  and  the  stress-induced  martensitic  transformation  oc¬ 
curred  in  the  SME  wire.  A  state  of  the  SME  wire  in  an  assembled  actuator  at  this  low  temperature  Tq  is  represented 
by  point  B  (aP,  Tq)  in  Figure  3  (a).  At  a  temperature  higher  than  Af,  the  SME  wire  is  mostly  at  austenidc 
phase.  The  reverse  phase  transformation  of  the  SME  wire  induced  by  heating  the  SME  wire  makes  the  SME  wire 
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contract  and  introduces  a  large  recovery  stress  to  actuate  the  link.  A  state  of  the  SME  wire  in  an  assembled  actuator 
at  this  high  temperature  is  represented  by  point  C  T^)  in  Figure  3  (a).  The  stress  difference  between 

and  provides  force  output  of  a  SMA  actuator,  while  the  strain  difference  between  and  provides 
displacement  output  of  the  SMA  actuator. 

By  Liang  and  Rogers,^  the  thermomechanical  constitutive  relation  for  the  SME  wire  is 
jjSM  _  _  pSM  ^  qSM  (  j_  +  qSM 

where  and  are  the  young’s  modulus,  thermoelastic  tensor,  phase  transformation  tensor,  and 

martensite  fraction  of  the  SME  wire,  respectively. 

Equations  (1)  to  (4),  and  (6)  yield  the  general  stress-strain  relation  of  the  SME  wire  of  the  actuator: 
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Substituting  equation  (10)  into  equation  (9)  leads  to  the  general  stress-temperature  relation  of  the  SME  wire: 
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where 
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The  last  terms  in  equations  (10)  and  (11)  represent  the  influence  of  a  varying  load  torque. 


3.  DESIGN  FORMULAS 

Most  commercial  SMA  wires  are  not  supplied  with  data  of  all  material  properties  required  by  a  certain  constitutive 
model  of  shape  memory  materials.  Therefore  material  tests  are  required  on  a  purchased  SMA  wire  to  obtain  data  of 
these  material  properties  in  order  to  use  a  constitutive  model.  This  is  not  convenient. 

The  purpose  of  this  paper  is  to  present  a  design  for  satisfaction  of  a  given  requirement  of  maximum  displace¬ 
ment  and  maximum  load.  The  advantage  of  this  design  is  simplicity  without  the  need  of  values  of  those  material 
properties  required  by  a  constitutive  model  of  shape  memory  materials.  The  disadvantage  is  the  information  loss  of 
intermediate  states  within  working  range.  The  procedure  and  formulas  for  this  design  are  described  below  which 
are  based  on  the  previous  quasi-static  analysis. 

Through  uniaxial  tests  on  the  SME  wire,  the  actuating  capacity  of  the  SME  wire,  i.e.,  the  values  of 
and  is  determined.  The  lager  the  values,  the  better  the  SME  wire  for  actuator  purposes.  For  long  life  of 

a  SMA  actuator,  a  value  about  4%  for  8^^  is  considered  in  this  design.  Through  a  uniaxial  test  on  the  PEE  wire, 
the  working  states  B  and  C  of  the  PEE  wire  can  be  selected.  The  same  consideration  on  maximum  strain  applies  to 
the  PEE  wire.  These  tests  determine  and  A  process  from  state  B  to 

state  C  means  a  full  activation  process  of  the  actuator. 

Considering  the  maximum  output  torque  at  the  maximum  displacement  in  equation  (1),  then  com¬ 
bining  equations  (1)  and  (2),  we  can  found  the  cross-section  areas  of  the  SME  wire  and  the  PEE  wire  as: 

'^max  ^0  PE 
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where  variables  with  subscript  ‘a’  represent  the  values  of  the  variables  at  maximum  actuator  displacement 
and  q^^  are  stress  ratios  which  are  expressed  as 


^SM^^M/^M 


(14) 
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Similarly,  the  lengths  of  the  SME  wire  and  the  PEE  wire  can  be  found  from  equations  (3)  and  (4)  as: 

pSM_f,SM  (15) 


,PE 

^  =  ~PE_pPE  (16) 

a  *"0 

where 

.H^ssin(a  ),  for  a  <90° 

max'’  max 

“^max  ~  j  ■  (17) 

(Ws,  for  a  >90° 

max 

Using  PEE  wire  instead  of  a  normal  spring  provides  more  degrees-of-freedom  when  deciding  a  spring  rate  of  a 
bias  spring.  Instead  of  one  parameter,  spring  constant  k,  of  a  normal  spring,  an  equivalent  bias  spring  made  from  a 
PEE  wire  provides  three  degrees-of-freedom,  see  equation  (7).  A  designer  can  decide  lengths  of  the  SME  wire  and 
the  PEE  wire  to  satisfy  a  required  maximum  displacement,  and  decide  cross-section  areas  of  the  SME  wire  and  the 
PEE  wire  to  satisfy  the  bias  stress  need  by  the  SME  wire  and  a  required  maximum  load.  The  displacement  require¬ 
ment  and  the  load  requirement  of  a  design  are  decoupled  in  this  regard. 

The  initial  strain  should  be  realized  at  assembly  to  set  proper  initial  condition.  The  bias  force  provides  the 
SME  wire  with  a  stable  initial  state  and  therefore  improves  reversibility  of  the  actuator.  Heating  response  time  of 
the  actuator  can  be  controlled  by  electric  current  of  resistive  heating  of  the  SME  wire.  Cooling  response  time 
depends  on  a  cooling  method.  For  a  passive  free  convection,  cooling  time  can  be  very  long  for  a  large  cross-section 
area  of  the  SME  wire.  An  active  cooling  system  may  be  considered  if  improvement  of  cooling  response  is  necessary 
and  IS  cost-effective  for  certain  applications. 


4.  CONCLUSION 

A  design  for  a  bias  force  type  of  SMA  rotatory  joint  actuators  is  presented.  This  type  of  SMA  actuators  use  two  types 

^  spring  is  not  needed.  A  quasi-static  analysis  of  this  type 
or  SMA  actuators  provides  general  stress-temperature  relation  and  general  stress-strain  relation  of  the  SME  wire 
which  can  be  used  for  design  analysis.  Expressions  for  an  equivalent  spring  rate  of  the  PEE  wire  is  derived,  and  an 
experimental  method  of  acquiring  the  equivalent  spring  rate  is  described.  A  simplified  design  based  on  the  quasi¬ 
static  analysis  yields  very  simple  design  formulas,  which  can  be  used  in  design  for  satisfaction  of  required  maximum 
displacement  and  maximum  load.  A  trade-off  for  this  simplicity  exists.  Between  the  initial  condition  and  the  maxi¬ 
mum  displacement  configuration  of  a  designed  actuator,  stress-strain-temperature  states  of  both  SMA  wires  are  not 
quantitatively  predicted. 
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ABSTRACT 

As  a  modification  of  Cu-Zn-Al  shape  memory  alloy  (SMA),  the  characteristics  of  Cu-21Zn-6Al-lMn-0.5Zr  (wt%)  SMA  are 
examined  and  compared  with  that  of  Cu-21Zn-6Al  (wt%)  SMA  in  the  present  work.  After  added  Zr  into  the  Cu-Zn-Al  alloy, 
the  average  grain  size  of  Cu-Zn-Al-Mn-Zr  alloy  is  reduced  from  SOOpm  (that  of  Cu-Zn-Al  alloy)  to  75pm.  Two  Zr-rich  new 
phases  were  found  in  Zr  added  alloy  by  means  of  transmission  electron  microscopy.  The  tensile  testing  results  and  scanning 
electron  microscopy  observations  show  that  the  strength  of  grain  boundary  and  the  ductility  of  the  Mn,  Zr  added  alloy  were 
enhanced.  This  has  made  the  alloy  exhibit  better  mechanical  property  than  ordinary  Cu-Zn-Al  SMA.  Moreover,  upon  ageing, 
the  reordering  phenomenon  was  not  serious  when  the  ageing  temperature  was  below  200°C  in  Cu-Zn-Al-Mn-Zr  alloy  while 
significant  decrease  of  order  degree  and  shape  memory  capacity  were  found  for  Cu-Zn-Al  alloy. 


1.  INTRODUCTION 

Shape  memory  Alloys  (SMA)  based  on  Ni  and  Ti  has  demonstrated  the  best  shape  memory  properties  and  good  corrosion 
resistance.  They  are  widely  used  in  many  commercial  applications.  However,  Ni-Ti  in  its  finished  form  is  very  expensive 
because  of  the  fabrication  difficulties  associated  with  melting  and  forming. 

Cu-based  SMAs  serve  as  economic  alternatives  to  Ni-Ti  SMA  because  of  their  lower  price.  Cu-Zn-Al  are  now  the  most 
popular  Cu-based  SMA  and  are  presently  available  in  the  market.  However,  they  do  not  always  exhibit  sufficient  thermal 
stability  and  mechanical  strength.  They  suffer  from  martensite  stabilisation'  which  causes  increase  in  reverse  transformation 
temperatures  when  they  are  aged  in  the  martensite  state.  Ageing  in  parent  phase  will  result  in  the  change  of  the  degree  of  order 
and  the  formation  of  precipitations^.  Intergranular  cracking  usually  occurs  during  processing  and  service  because  of  the  large 
anisotropy  and  large  grain  size  of  the  alio/.  They  also  exhibit  low  ductility  problems. 

Many  attempts  have  been  made  to  improve  the  mechanical  properties  and  thermal  stability  of  the  martensitic 
transformation.  With  the  increase  of  the  Mn  concentration  in  Cu-Al-Ni  SMA,  the  thermoelastic  and  pseudoelastic  behaviours 
were  found  enhanced.  The  ductility  of  the  alloy  was  improved^  On  the  other  hand,  elements  such  as  B,  V,  Zr  and  Ti  were 
chosen  to  be  added  to  refine  grains  of  the  parent  phase  in  Cu-based  SMAs.  Zr  addition  was  found  good  in  lowering  grain 
growth  rate  to  zero  during  annealing  at  800°C  in  Cu-Zn-Al  alloy.  Zr-rich  particles  were  observed  at  grain  boundaries  which 
were  believed  to  be  responsible  for  the  grain  refining  effect^. 

Mn  and  Zr  were  added  into  Cu-Zn-Al  alloy  to  refine  the  grains,  to  improve  the  ductility  and  to  suppress  the  stabilisation 
of  the  martensite.  In  the  current  work,  the  characteristic  of  the  transformation  and  the  mechanical  properties  are  studied. 
Detailed  microstructural  examination  were  performed  to  understand  the  effect  of  the  Zr-rich  precipitates  formation  on  the 
characteristics  of  Cu-Zn-Al-Mn-Zr  alloy.  The  composition  and  structure  of  Zr-rich  precipitates  were  also  studied  in  detail 
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using  energy  dispersive  X-ray  spectroscopy  (EDXS)  and  transmission  electron  microscopy  (TEM).  Furthermore,  the  thermal 
stability  of  the  new  alloy  is  studied  through  ageing. 


2.  EXPERIMENTAL 

Cu-21Zn-6Al-l]VIn-0.5Zr  (wt%)  and  Cu-21Zn-6Al  (wt%)  alloys  were  prepared  by  melting  elements  with  industrial  purity  in 
an  induction  furnace.  The  ingots  were  hot  rolled  to  1mm  plates.  The  specimens  were  then  solid  solution  treated  at  850°C  for 
5min.  One  batch  of  specimens  was  directly  quenched  into  the  ice  water  (D.Q.).  Another  batch  was  step  quenched  (S.Q.)  into 
hot  water  at  100°C  for  30  minutes  and  then  quenched  into  ice  water.  The  transformation  characteristics  were  determined  using 
differential  scanning  calorimeter  (DSC).  The  heating  and  cooling  rates  were  ±20°C/min.  Transmission  electron  microscopy 
(TEM)  observations  were  carried  out  using  a  Philips  CM-20  transmission  electron  microscope  attached  with  a  ED  AX  DX-4 
energy  dispersive  X-ray  spectroscope  operating  at  200kV.  Micrographs  were  taken  in  optical  microscope  and  JEOL-820 
scanning  electron  microscope  (SEM).  Tensile  tests  were  done  in  an  Instron  4206  tensile  tester  at  strain  rate  of  Immymin. 


3.  RESULTS 


3. 1  Microstructure  of  Cu-Zn-Al-Mn-Zr  SMA 

The  addition  of  Zr  has  significant  effect  on  grain  refinement.  Fig.  1  (a)  and  (b)  are  optical  micrographs  of  Cu-Zn-Al  and  Cu- 
Zn-Al-Mn-Zr  alloys.  The  average  grain  size  of  Cu-Zn-Al  alloy  is  about  300pm  and  that  of  Cu-Zn-Al-Mn-Zr  alloy  was 
reduced  to  only  75pm.  Zr-rich  precipitates  formed  in  the  Cu-Zn-Al-Mn-Zr  alloy,  which  were  identified  by  electron  diflBraction 
and  TEM-EDXS  analysis.  The  average  sizes  of  precipitates  in  the  alloy  ranged  fi-om  0.1pm  to  1pm  and  possess  incoherent 
interfaces  with  the  parent  phase  matrix. 

The  structure  types  of  martensite  and  parent  phase  in  Cu-Zn-Al-Mn-Zr  SMA  are  determined  to  be  M18Ri  and  DO3 
respectively  by  selected  area  electron  diffraction  analysis.  Fig.  2  (a)  and  (b)  are  the  typical  TEM  bright  field  images  of  Cu-Zn- 
Al-Mn-Zr  alloy.  Fig.  2  (a)  shows  the  morphology  of  the  martensite  phase  and  the  parent  phase  in  the  alloy.  The  “tweed” 
contrast  of  the  parent  phase  is  due  to  the  premartensitic  effect.  Fig.2  (b)  shows  the  morphology  of  a  Zr-rich  precipitate  formed 
in  the  Cu-Zn-Al-Mn-Zr  alloy.  Energy  dispersive  X-ray  spectroscopy  microanalysis  and  electron  diffraction  analysis  in  TEM 
were  used  to  determine  the  composition  and  the  structure  of  precipitates.  The  results  reveal  that  there  are  two  kinds  of  Zr-rich 
phases  formed  in  the  alloy.  The  results  of  quantitative  compositional  microanalysis  are  listed  in  Table  I,  which  suggests  that 
the  two  precipitates  are  all  new  Cu-Zr-Al-Zn  phases  with  the  compositions  of  Cu2Zr(Al,  Zn)i  and  CusZrAlZn  (at%).  They 
will  be  named  as  Zi  and  Z2  phase  respectively  hereafter.  Selected  area  electron  diffraction  (SAED)  was  used  to  determine  the 


Fig.  1  Optical  micrographs  of  S.Q.  (a)  Cu-Zn-Al  SMA  and  (b)  Cu-Zn-Al-Mn-Zr  SMA. 
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Fig.  2  TEM  bright  field  images  of  Cu-Zn-Al-Mn-Zr  specimen  showing  the  different  phases,  (a)  martensite  phase  and  parent 
phase;  (b)  a  Zr-rich  phase  located  in  the  matrix. 

crystallographic  structure  of  the  phases.  The  systematic  SAED  patterns  were  taken  by  tilting  the  TEM  foils  around  the  low 
index  axes.  The  corresponding  experimental  angles  between  the  neighbouring  SAED  patterns  were  recorded.  Fig.  3  and  Fig.  4 
show  the  systematic  SAED  patterns  of  the  Z\  and  Z2  phases  The  angles  between  the  neighbouring  patterns  labelled  in  Fig.  3 
are  the  experimental  values.  The  SAED  patterns  in  Fig.  3  indicate  the  crystal  structure  of  the  Z\  phase  is  face-centred  cubic 
with  lattice  parameter  of  a  =  1.234nm.  In  Fig.  4,  the  main  reflection  spots  of  Z2  phase  can  be  indexed  by  a  base-centred 
orthorhombic  unit  cell  with  lattice  parameter  being  a  =  0.481nm;  b  =  0.833mn;  c  =  0.826nm.  In  Fig.  4  (d)  -  (h),  each  main 
reflection  spot  is  accompanied  by  several  satellite  spots  which  derived  from  an  incommensurate  modulation  structure.  The 
modulation  wave  vector  is  along  (01 0)21  and  the  period  of  the  modulation  is  about  1.96nm. 

3.  2  Transformation  Characteristics 

The  reverse  transformation  behaviour  of  differently  heat  treated  Cu-Zn-Al  and  Cu-Zn-Al-Mn-Zr  alloys  were  examined  using 
DSC.  Figs.  5  (a)  -  (d)  are  the  heating  and  cooling  curves  for  Cu-Zn-Al  and  Cu-Zn-Al-Mn-Zr.  The  step  quenched  Cu-Zn-Al 
and  Cu-Zn-Al-Mn-Zr  exhibited  good  reverse  and  forward  transformations.  However,  the  results  show  that  martensite 
stabilisation  has  occurred  seriously  in  direct  quenched  Cu-Zn-Al  alloy.  No  reverse  transformation  peak  was  detected  in  this 
sample.  With  the  addition  of  Mn  and  Zr,  Cu-Zn-Al-Mn-Zr  showed  transformation  peaks  in  both  heating  and  cooling  curves. 
Martensite  stabilisation  has  been  suppressed.  The  transformation  temperatures  of  the  differently  heat  treated  alloys  are  listed 
in  Table  II. 


Table  I  Results  of  TEM-EDXS  microanalysis  of  the  Zr  rich  precipitates  and  the  matrix. 


phases 

Cu  Zn 

A1 

Mn 

Zr 

precipitate  1 

49.7  8.1 

7.2 

— 

35.0 

( wt% ) 

(Zi  phase) 

50.2  7.9 

17.3 

— 

24.6 

( at% ) 

precipitate  2 

56.1  10.3 

5.0 

— 

28.6 

( wt% ) 

(Z2  phase) 

57.4  10.3 

11.9 

— 

20.4 

( at% ) 

matrix 

73.2  21.8 

4.4 

0.6 

— 

( wt% ) 

Table  II 

Transformation  temperatures  of  differently  heat  treated  samples 

Alloy 

Heat 

Treatment 

Mf(°C) 

Ms  (°C) 

As  (°C) 

Af(°C) 

Cu-Zn-Al 

D.Q. 

- 

- 

- 

- 

S.Q. 

49 

72 

68 

87 

Cu-Zn-Al-Mn-Zr 

D.Q. 

-10 

20 

5 

35 

S.Q. 

10 

30 

20 

42 
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Systematic  selected  area  electron  diffraction  patterns  of  Z,  precipitate.  The  angles  between  the  neighbouring  patterns  labelled  in  the  figure  are 
experimental  values. 


Fig.5  DSC  heating  and  cooling  curves  for  (a)  D.Q.  Cu-Zn-Al,  (b)  S.Q,  Cu-Zn-Al,  (c  )  D.Q.  Cu-Zn-Al-Mn-Zr  and  (d)  S.Q. 
Cu-Zn-Al-Mn-Zr,  positive  peak  represents  endothermic  transformation. 

3. 3  Fracture  property 


Fig.  6  reveals  the  typical  stress-strain  curves  of  the  two  S.Q.  alloys  tested  at  room  temperature  (20°C),  which  are  all  in  the 
martensite  state.  The  results  show  that  the  grain  refined  Cu-Zn-Al-Mn-Zr  alloy  possesses  a  significantly  higher  fi-acture  stress 
and  fracture  strain  compared  to  the  Cu-Zn-Al  alloy. 


strain  (%) 

Fig.  6  The  stress-strain  curves  for  Cu-Zn-Al  and  Cu-Zn-Al-Mn-Zr  alloys.  The  tests  were  performed  at  room  temperature 
(<As)  while  the  alloys  were  all  in  martensite  state. 
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Fig.  7  SEM  micrographs  of  Cu-Zn-AI  (a),  (b)  and  Cu-Zn-Al-Mn-Zr  (c),  (d)  showing  the  morphology  of  the  fracture  surface  of 
the  two  alloys. 

The  fractographs  of  the  two  alloys  after  the  tensile  tests  were  examined  by  SEM.  Fig.  7  shows  the  typical  SEM 
micrographs  of  the  fracture  surface.  Fig.  7  (a)  and  (b)  were  obtained  from  Cu-Zn-Al  alloy,  which  exhibited  the  apparent 
characteristics  of  intergranular  fracture.  However,  the  additions  of  Mn  and  Zr  have  caused  a  large  changes  in  the  morphology 
of  the  fracture  surface.  The  typical  morphology  of  the  fracture  surface  of  Cu-Zn-Al-Mn-Zr  alloy  is  shown  in  Fig.  7  (c)  and  (d). 
The  river  like  characteristic  of  the  ductile  failure  can  be  seen  and  the  fracture  mode  is  mainly  transgranular.  So  the  Zr  has 
strengthened  the  grain  boundary  and  this  is  considered  to  be  one  of  the  important  factors  which  improved  the  mechanical 
properties  of  the  Cu-Zn-Al-Mn-Zr  alloy  as  compared  to  Cu-Zn-Al  alloy. 

3.4  Thermal  Stability 

Fig.8  depicts  the  change  in  peak  temperatures  of  the  forward  and  reverse  martensitic  transformations  obtained  from  DSC 
curves  for  Cu-Zn-Al  and  Cu-Zn-Al-Mn-Zr  alloys  after  ageing  at  different  temperatures  for  6  hours.  The  transformation 
temperatures  decreased  slightly  when  the  alloys  were  aged  below  100°C.  Larger  drops  were  found  for  both  alloys  when  aged 
at  150°C.  After  ageing  at  200°C,  no  martensitic  transformation  can  be  found  in  the  Cu-Zn-Al  alloy;  however,  it  was  still 
present  in  the  Cu-Zn-Al-Mn-Zr  alloy.  Transformation  enthalpies  were  obtained  by  integrating  the  area  of  the  DSC 
transformation  peaks.  Fig.9  shows  the  change  of  enthalpy  in  the  forward  martensitic  transformation  with  respect  to  ageing 
temperatures.  The  enthalpies  were  not  changed  much  after  ageing  at  temperature  below  150°C  but  dropped  more  significantly 


Ageing  Temperature  °C 

Fig. 8  Peak  temperatures  for  Cu-Zn-Al  and  Cu-Zn-Al-Mn- 
Zr  during  reverse  (Ap)  and  forward  (Mp)  transfonmations  at 
different  ageing  temperatures. 


Ageing  Temperature  °C 

Fig.9  Change  in  transformation  enthalpy  in  forward 
transformation  of  Cu-Zn-Al  and  Cu-Zn-Al-Mn-Zr  with 
respect  to  ageing  temperatures. 


after  ageing  at  200°C.  This  implies  that  the  volume  of  transformable  parent  phase  will  decrease  when  ageing  temperatures  are 
high  enough.  The  parent  phase  should  either  have  stabilised  or  decomposed  to  the  equilibrium  phases.  This  phenomenon  is 
more  severe  in  Cu-Zn-Al  than  in  Cu-Zn-Al-Mn-Zr  alloy  after  ageing  at  200°C  as  the  volume  of  transformable  parent  phase  in 
Cu-Zn-Al  has  dropped  to  zero.  Both  alloys  show  no  martensitic  transformation  after  ageing  at  300°C. 


Splitting  parameters  were  calculated  fi'om  (122)^,  -  (202)^, ,  (1210)^  -  (2010)^,  and  (040)^^  -  (320)^  line  pairs  of  X- 
ray  diffraction  (XRD)  spectrum  taken  at  room  temperature.  Fig.  10  shows  the  change  in  splitting  parameters  with  ageing.  The 
splitting  parameters  of  Cu-Zn-Al  drop  steadily  with  increasing  ageing  temperatures.  The  higher  the  ageing  temperature,  the 
drop  became  more  severe.  However,  the  splitting  parameters  of  Cu-Zn-Al-Mn-Zr  were  not  changed  much.  From  the  XRD 
results,  cp  and  x-parameter  can  be  calculated  using  the  lattice  parameters  where  (p=2tan’'(b/2a)  and  x=l/3+(c/9a)cosp.  Table 
111  summarise  the  lattice  parameters,  9  and  x-parameters.  For  Cu-Zn-Al  alloy,  with  ageing,  (i)  pi,  p2,  p3  0;  (ii)  p  90°; 
(iii)  9  ->  60°;  and  (iv)  x  ->  1/3.  These  trends  imply  that  the  M18R  martensite  changes  from  MI8R1  towards  NI8R1  structure 
upon  ageing.  For  Cu-Zn-Al-Mn-Zr,  the  changes  in  these  parameters  were  less  obvious  when  aged  below  150°C. 


Fig.  10a  Change  of  splitting  parameters  of  Cu-Zn-Al  with 
respect  to  ageing  temperature. 


Ageing  Temperature  °C 

Fig.  10b  Change  of  splitting  parameters  of  Cu-Zn-Al-Mn-Zr 
with  respect  to  ageing  temperatures. 
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Table  III  Lattice  parameters  for  Cu-Zn-Al  and  Cu-Zn-Al-Mn-Zr  after  different  thermal  treatments 


Alloy 

Ageing 

a  (run) 

Lattice  Parameters 
b  (nm)  c  (nm) 

3“ 

9° 

X 

Cu-Zn-Al 

S.Q. 

0.4423 

0.5298 

3.818 

88.80 

61.83 

0.3534 

70°C 

0.4432 

0.5295 

3.821 

88.76 

61.70 

0.3540 

100°C 

0.4430 

0.5304 

3.817 

88.95 

61.81 

0.3508 

150°C 

0.4448 

0.5289 

3.833 

89.15 

61.46 

0.3475 

Cu-Zn-Al-Mn-Zr 

S.Q. 

0.4416 

0.5308 

3.818 

88.69 

62.01 

0.3553 

70°C 

0.4420 

0.5318 

3.821 

88.63 

62.06 

0.3563 

100°C 

0.4421 

0.5317 

3.824 

88.63 

62.04 

0.3562 

150°C 

0.4425 

0.5322 

3.824 

88.74 

62.04 

0.3544 

By  microstructural  examination,  typical  martensite  morphology  can  be  found  in  step  quench,  70°C  aged  Cu-Zn-Al  and 
Cu-Zn-Al-Mn-Zr  samples  and  150°C  aged  Cu-Zn-Al-Mn-Zr  samples.  Bainite  start  to  precipitate  in  200°C  aged  samples.  In 
Cu-Zn-Al,  all  the  parent  phase  changed  to  bainite  during  150°C  ageing  while  in  Cu-Zn-Al-Mn-Zr  about  70%  has  been 
changed  as  the  amount  of  martensitic  transformation  has  dropped  70%.  After  300°C  ageing,  large  area  of  a  and  |3  phases  were 
found. 


4.  DISCUSSIONS 

The  fine  structure  of  Cu-Zn-Al-Mn-Zr  alloy  has  been  examined.  Besides  the  martensite  and  parent  phase,  only  some  Zr  rich 
precipitates  with  size  around  O.l-liim  were  observed  in  the  alloy.  These  precipitates  possess  specific  orientation  relationship 
and  incoherent  interfaces  with  the  parent  phase  matrix.  No  smaller  coherent  precipitates  have  been  found.  This  situation  is 
different  from  most  of  Cu-based  SMAs  with  grain  refinement  element  additions,  such  as,  V-doped  Cu-Zn-Al  alloy,  Zr-,  Cr-  or 
B-doped  Cu-Al-Ni  alloys.  In  these  grain  refinement  elements  doped  SMAs,  there  are  some  fine  precipitates,  such  as  the  Xs 
and  Xss  phases  in  Cu-Al-Ni-Mn-Ti  SMA*’’,  formed  in  the  matrix  which  possess  semi-coherent  or  coherent  interfaces  with  the 
matrix.  To  a  first  approximation,  the  pinning  force  of  precipitates  on  per  unit  of  boundary  is  inversely  proportional  to  the 
mean  particle  radius.  Thus,  these  very  fine  coherent  or  semi-coherent  precipitates  (usually  with  size  of  several  lOnm)  in  some 
Cu-based  SMAs  are  thought  to  be  effective  in  suppressing  grain  coarsening  during  hot  working,  homogenisation  and/or 
betatization  treatment.  However,  on  the  other  hand,  they  can  also  have  the  effect  of  pinning  the  martensite/parent  phase  or 
martensite/martensite  interfaces,  and  obstruct  the  movement  of  these  interfaces  during  the  process  of  martensitic 
transformation.  So  in  some  SMAs  with  addition  of  grain  refining  elements,  although  the  grain  size  can  be  greatly  reduced, 
other  adverse  effects  are  produced  at  the  same  time.  For  the  present  Cu-Zn-Al  SMA  with  Zr  and  Mn  additions,  grain 
refinement  is  significant  and  the  mechanical  properties  were  improved,  but  only  very  large  Zr-rich  precipitates  are  formed.  So 
from  this  point  of  view,  Zr  addition  in  Cu-Zn-Al-Mn-Zr  alloy  does  not  have  adverse  effect  on  martensitic  transformation. 

The  S.Q.  specimens  of  Cu-Zn-Al  and  Cu-Zn-Al-Mn-Zr  alloys  exhibited  both  good  reverse  and  forward  martensitic 
transformation  properties.  That  is  due  to  the  annihilation  of  supersaturated  vacancies  in  the  parent  phase  matrix  during  the 
S.Q.  treatment.  Serious  martensite  stabilisation  has  occurred  in  D.Q.  Cu-Zn-Al  alloy.  Martensite  stabilisation  in  Cu-based 
SMAs  is  related  to  the  structure  and  degree  of  order  of  the  martensite  phases^  The  degree  of  order  of  differently  heat  treated 
Cu-Zn-Al  and  Cu-Zn-Al-Mn-Zr  alloy  have  been  investigated  in  our  previous  work^.  The  B2  and  DO3  order  degree  of  both 
S.Q.  Cu-Zn-Al  and  Cu-Zn-Al-Mn-Zr  specimens  were  all  higher  than  that  of  D.Q.  specimens.  However,  for  S.Q.  Cu-Zn-Al- 
Mn-Zr  alloy,  the  increase  of  B2  and  DO3  order  degree  did  not  result  in  the  increase  of  the  splitting  of  (122)^  -  (202)^  and 
(1210)^,  -  (2010)^  line  pairs.  This  may  imply  that  the  orthorhombic  distortion  of  martensite  phase  does  not  possess  a  simple 
relationship  with  the  variations  of  order  degree  in  Cu-Zn-Al-Mn-Zr  alloy.  In  other  words,  changes  in  orthorhombic  distortion 
should  not  be  interpreted  as  an  equivalence  of  variation  in  order  degree. 

When  both  Cu-Zn-Al  and  Cu-Zn-Al-Mn-Zr  alloys  were  aged  at  parent  phase,  Cu-Zn-Al  suffered  from  decrease  of  the 
monoclinicity  and  lower  of  transformation  temperature.  The  martensite  structure  became  more  closer  to  N18R.  When  they 
were  aged  at  temperature  higher  than  150°C,  bainite  started  to  precipitate  and  reduced  the  amount  of  transformable 
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martensite.  Contrastly,  the  change  in  the  monoclinicity  and  transformation  temperatures  of  martensite  were  less  obvious  for 
Cu-Zn-Al-Mn-Zr  alloy.  The  addition  of  Mn  and  Zr  has  lowered  the  diffusion  rate  of  the  constituent  atoms  and  suppressed  the 
rate  of  disordering.  However,  further  ageing  will  also  lead  to  precipitation  of  bainite  and  then  equilibrium  phases.  Bainite 
precipitate  occurs  in  both  alloys  when  aged  at  200°C.  Althou^  both  alloys  are  thermally  unstable  at  200°C,  the  splitting 
parameters  and  transformation  temperatures  of  Cu-Zn-Al-Mn-Zr  alloy  shift  less  than  ordinary  Cu-Zn-Al  alloy  when  aged 
below  150°C. 
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ABSTRACT 

The  purpose  of  the  present  work  is  to  develop  the  materials  with  new  functions  by 
combining  two  kinds  of  particles  electrified  reciprocally.  This  paper  reports  a  prepa¬ 
ration  method  and  the  positive  temperature  coefficient  of  resistivity(PTCR)  properties  of 
complex  particles  consisting  of  semiconductive  BaTiOs  granules  and  metallic  indium  powder 
particles. 

The  conclusions  obtained  by  the  present  experiment  are  as  follows. 

(1)  Vibrating  cylindrical  electrode  can  forced-electrify  metal,  semiconductor  and  insulator 
particles  positively  or  negatively. 

(2)  When  the  particles  electrified  reciprocally  are  mixed  in  the  same  region  at  the  same 
time,  complex  particles  can  be  created  by  the  electrostatically  attractive  force  work¬ 
ing  between  the  two  kinds  of  particles. 

(3)  Indium-semiconductive  BaTiOs  complex  particles  made  by  this  processing  offer  the  new 
PTCR  material  which  can  be  used  in  arbitrary  shapes  by  filling  and  packing  or  drawing 
and  painting. 

Keywords:  positive  temperature  coefficient  of  resistivity(PTCR),  semiconductive  barium 
titanate,  metallic  indium  particles,  forced  electrification,  charge  quantity 
complex  particle,  vibrating  cylindrical  electrode,  ohmic  contact,  electrostatic 
field  strength 


1.  INTRODUCTION 

The  authors  has  already  proposed  the  concepts  of  powder  particles  assembly  for  the 
creation  of  multi-functional  materials  in  1994'^  and  undertaken  the  development  of  funda¬ 
mental  techniques  for  the  preparation  of  complex  particles  by  a  forced  electrification 
processing.  The  purpose  of  the  present  work  is  to  develop  the  materials  with  new  functions 
by  combining  two  kinds  of  particles  electrified  reciprocally.  This  paper  describes  a  pre¬ 
paration  method  and  the  positive  temperature  coefficient  of  resistivity CPTCR)  properties 
of  complex  particles  consisting  of  semiconductive  BaTiOa  particles  and  metallic  indium 
particles” . 


2.  EXPERIMENTALS 

Semiconductive  BaTiOs  particles  used  in  the  present  experiment  were  pressed  at  the 
load  of  320  kgf/cm^  heat-treated  at  1330°C  for  an  hour  and  cooled  down  at  the  rate  of 
110°C/hr.  The  raw  materials  were  supplied  by  Mitsui  Mining  Material  Co.,  Ltd.  Metallic  In 
particles  of  under  20  i^m  diameter  fabricated  using  the  centrifugal  spray  method  were 
supplied  by  Mitsuwa  Chemical  Co. ,  Ltd.  Figure  1  shows  the  morphology  of  these  particles. 

An  electrification  apparatus  consists  of  a  cylindrical  brass  electrode  which 
was  4  mm  inside  diameter  and  21  mm  long,  a  grounded  counter-electrode,  piezoelectric  de- 
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Fig. 1  Scanning  electron  micrographs  of  constituent  particles. 

(a)  metallic  indium  powder  particles. 

(b)  semiconductive  BaTiOs  particle. 


42 


vices  which  vibrated  the  above-mentioned  electrode,  a  high  voltage  electric  source  for 
particle  charging  and  another  electric  source  for  the  vibration,  as  shown  in  Fig. 2.  A 
pair  of  cylindrical  electrodes  were  prepared  for  negative  and  positive  charging,  respec¬ 
tively. 

Electrification  processing  was  carried  out  as  follows.  At  first  two  kinds  of  parti¬ 
cles  were  inserted  into  the  cylindrical  electrodes,  respectively.  The  high  voltage  of  di¬ 
rect  current  was  loaded  to  each  electrode  positively  or  negatively,  respectively.  The 
electric  voltage  for  vibration  of  these  electrodes  was  also  loaded  in  order  to  promote  the 
particles  movement.  After  holding  these  conditions,  the  electrode  ends  were  opend  at  the 
same  time  in  order  to  spray  the  two  kind  of  particles  into  the  same  region.  They  were  mix¬ 
ed  and  combined  each  other  by  the  electrostatic  force. 

The  determination  of  charge  quantity  of  particles  is  described  below.  A  Farady  cage, 
which  was  electrostatically  shielded  by  a  stainless  steel  mesh  with  1.  5  mm  opening,  was 
located  just  under  the  open  end  of  the  cylindrical  electrode.  This  mesh  prevented  gaseous 
ions  from  flowing  into  the  cage  together  with  the  charged  particles.  The  charge  quantity 
in  the  Farady  cage  was  measured  by  a  degital  electrometer. 

The  PTCR  characteristics  of  complex  particles  were  measured  as  follows.  The  cell  for 
the  measurements  consisted  of  alumina  tube  (  1. 8  mm  inner  diameter,  7  mm  long  ), 
stainless  steel  rods  as  electrodes  and  In  foils.  The  room  in  the  cell  was  filled  with 
particles  to  be  determined.  Figure  3  shows  the  configuration  of  this  cell.  This  cell  was 
set  in  an  oven  and  heated.  The  resistivity  of  this  cell  was  measured  under  a  constant  ele¬ 
ctric  current  by  a  coulombmeter  from  the  room  temperature  to  near  the  melting  point  of 
metallic  indium. 


Cylindrical  charging  electrode 


Fig.  2  Schematic  diagram  of  particle  electrification  apparatus. 
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Alumina  tube(LD.  1.8mm) 


Tn  _  o<»Tr>ir‘r«iHiir“fi\7P  TianTiO  -  intp.rfaf'P. 


Semiconductive  BaTi03  interface 


Alumina  tube(I.D.1.8mm) 


Fig.3  Configuration  of  the  packing  cells  for  PTC 
characteristics  measurements. 

Above:  A  cell  filled  with  semiconductive 
BaTi03  particles. 

Below:  A  cell  filled  with  complex  particles 
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3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

It  is  very  important  in  the  electrification  process  of  particles  that  the  charge 
quantity  of  particles  is  measured  precisely.  Gold  particles,  which  are  stable  physically 
and  chemically,  were  used  for  the  determination  of  the  charge  quantity.  The  diameter  of 
the  gold  particle  was  400 /rm.  Figure  4  shows  an  example  of  these  determinations.  .4  distin¬ 
guished  jump  in  the  charge  quantity  was  observed.  Figure  5  summarizes  these  results,  that 


Fig.  4 


Examples  of  charge  quantity  measurements. 


is,  the  relationship  between  the  charge  quantity  per  particle  and  the  electrostatic  field 
strength.  In  this  figure,  a  dotted  line  shows  the  theoretical  relationship  between  the 
maximum  charge  quantity  qi  by  the  induction  charging  and  the  electrostatic  field  strength 

E. 

q;  =  1.  65  X  4  £  0  r^  E  (1) 

On  the  other  hand,  a  solid  line  indicates  that  by  the  corona  charging, 

qc=  47rp£or^E  (2) 

where  qc  is  the  maximum  charge  quantity  by  corona  charging,  respectively,  £  o  is  the  di¬ 
electricity  in  vacuum(8- 8541  x  10  F/m),  r  is  the  radius  of  particleCm),  E  is  the  elec¬ 

trostatic  field  strength(V/ffl),  p  is  a  constant  depending  on  materials  and  defined  by  the 
relationship 

p  =  2( £  s-l)/( £  sl2)  +  1  (3) 

£  s  is  the  specific  dielectric  constant  of  the  particle.  As  the  particle  is  conductive  in 
the  present  case,  £  s  becomes  Therefore,  p  is  equal  to  3.  It  is  apparent  from  Fig.  5 
that  the  charge  quantity  is  considerably  larger  than  those  theoretical  relationships. 

These  results  may  be  ascribed  to  the  concentration  of  the  electrostatic  field  at  the  end 
of  the  charging  electrode.  Figure  6  is  the  contour  diagram  of  electrostatic  field  strength 
near  the  electrode  end.  ^  is  the  field  concentration  factor  and  indicates  the  extent  of 
concentration  of  electrostatic  field  strength. 
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Fig.  5  Relationship  between  electrostatic  field  strength  and  charge  quantity 
per  particle  or  surface  charge  density. 

Calculated  relationship  ij3:  field  concentration  factor) 
dotted  line:  induction  charging(  ^8  =1). 
solid  line:  corona  charging!  jS  =1). 
broken  line:  corona  charging!  iS  =3). 
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Fig. 6  Contour  diagram  of  the  field  concentration  factor 
in  the  neighborhood  of  electrode. 


A  scanning  electron  microscopic  images  of  the  complex  particles  which  were  created  by 
use  of  this  forced  electrification  apparatusC  ±4  kV,  30  min)  is  shown  in  Fig.  7.  It  shows 
that  the  morphology  of  the  complex  particles  does  not  depend  on  the  polarity  of  consti¬ 
tuent  particles  during  the  processing.  Figure  8  shows  the  surface  of  particles.  It  is 
apparent  that  metallic  In  particles  are  attached  to  the  surface  of  semiconductive  BaTiOs 
particles  dispersively  or  discontinuously  by  the  coulomb’ s  force. 

Figure  9(a)  shows  the  PTCR  characteristics  of  the  complex  particles  cell  as  described 
above.  On  the  otherhand,  those  of  the  only  semiconductive  BaTiOs  particles  cell  are  shown 
in  Fig.  9(b).  It  is  definite  that  the  electric  resistivity  of  the  complex  particles  cell  is 
smaller  than  that  of  the  only  semiconductive  BaTiOs  particles  cell  at  the  room  temperature. 
These  results  are  ascribed  to  the  low  resistivity  of  metallic  In  particles  between  semi¬ 
conductive  BaTiOs  particles  and  a  good  ohmic  contact  between  In  and  semiconductive  BaTiOs. 
This  material  can  be  used  in  arbitrary  shapes  and  forms,  different  from  traditional  PTC 
materials  which  were  sintered  rigidly. 

4.  CONCLUSIONS 

In  order  to  confirm  the  fundamental  techniques  of  particles  assembly,  a  forced  elec¬ 
trification  apparatus  with  vibrating  cylindrical  electrodes  was  introduced.  By  use  of  this 
apparatus,  the  charging  behavior  of  the  several  kinds  of  particles  was  observed.  The 
results  obtained  are  as  follows. 

(1)  The  forced  electrification  apparatus  electrified  several  kinds  of  particles,  metals, 
semiconductors  and  insulators,  positively  or  negatively. 
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Fig. 7  Scanning  electron  micrographs  of  complex  particles. 

(a)  In(-)'Seniiconductive  BaTiOsCO  complex  particle. 

(b)  In(T )-seniiconductive  BaTiOsC-)  complex  particle. 
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Scanning  electron  micrographs  of  the  particle  surface 

(a)  semiconductive  BaTiOs  particle. 

(b)  In-semiconductive  BaTiOs  complex  particle. 


Fig.  9  PTC  characteristics  of  the  particles  packing  cells. 

(a)  In-semiconductive  BaTiOs  complex  particles. 

(b)  semiconductive  BaTiOs  particles. 

(2)  In  consideration  of  the  effective  electrostatic  field  strength,  the  charge  quantity 
per  particle  is  estimated  theoretically. 

(3)  By  means  of  such  a  forced  electrification  processing  complex  particles  were  prepared 
This  complex  particle  consists  of  semiconductive  BaTi03  particle  as  the  core  and 
metallic  In  particles  which  were  adhered  to  the  surface  of  the  core  particle 
dispersively  and  discontinuousdly. 

(4)  Agglomeration  consisting  of  such  complex  particles  can  be  used  as  PTC  materials. 

(5)  This  PTC  material  can  be  used  in  arbitrary  forms  and  shapes,  different  from  tradi¬ 
tional  PTC  materials. 
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ABSTRACT 


We  show  how  composites  with  extremal  or  unusual  thermal  expansion  coefficients  can  be  designed  using  a  numerical 
topology  optimization  method.  The  composites  are  composed  of  two  different  material  phases  and  void.  The  optimization 
method  is  illustrated  by  designing  materials  having  maximum  thermal  expansion,  zero  thermal  expansion,  and  negative 
thermal  expansion.  Assuming  linear  elasticity,  it  is  shown  that  materials  with  effective  negative  thermal  erqpansion 
coefficients  can  be  obtained  by  mixing  two  phases  with  positive  thermal  expansion  coefficients  and  void.  We  also  show  that 
there  is  no  mechanistic  relationshipbetween  negative  thermal  expansion  and  negative  Poisson's  ratio. 

1.  INTRODUCTION 

In  light  of  the  manifest  technological  importance  of  determining  the  effective  properties  of  composite  materials,  an 
enormous  body  of  literature  has  evolved  based  upon  direct  measurement,  empirical  relations,  and  approximate  as  well  as 
rigorous  theoretical  methods.^'^  Of  particular  interest  is  the  “reverse  engineering”  problem  of  specifying  the  desired 
properties  that  one  would  like  the  material  to  be  endowed  with  and  then  going  about  finding  the  appropriate  material  (or 
materials)  and  material  structure  that  will  achieve  the  desired  properties.  Such  a  study  clearly  cannot  be  carried  out 
experimentally  because  of  the  enormous  number  of  variables  that  are  involved.  Here  we  describe  a  systematic  procedure  to 
design  composite  materials  with  exotic  thermal-expansion  behavior.  Materials  with  extreme  or  unusual  thermal  expansion 
behavior  are  of  interest  from  both  a  technological  and  fundamental  standpoint.  Of  particular  practical  interest  are  materials 
with  zero  thermal  expansion,  maximum  thermal  expansion  or  force,  and  negative  (i.e.,  minimum)  thermal  er^ansion. 

Zero-thermal-expansion  materials  are  needed  for  use  in  structures  subject  to  temperature  changes  such  as  space  structures, 
bridges  and  piping  systems.  Materials  with  maximum  unidirectional  thermal  displacement  or  force  can  be  employed  as 
"thermal"  actuators.  A  fastener  made  of  a  negative  thermal  expansion  coefficient  material,  upon  heating,  can  be  inserted 
easily  into  a  hole.  When  cooled  down,  it  will  expand,  fitting  tightly  into  the  hole  and  upon  heating  can  be  easily  removed. 

A  negative  thermal  expansion  material  has  the  counterintuitive  property  of  contracting  upon  heating.  There  are  existing 
materials  with  negative  expansion  coefficients.  Glasses  in  the  titama-silica  farmly  have  isotropic  negative  expansion 
coefficients  at  room  temperature.®  At  very  low  temperatures  (<100  K),  silicon  and  germaniirm’  as  well  as  5/2.2 
S'/'i.gCaCMzOx  superconductor  single  crystals*  have  negative  expansion  coefficients.  Materials  with  directional  negative 
expansion  coefficients  at  room  temperature  include  Kevlar,  carbon  fibers,  plastically  deformed  (anisotropic)  Invar  (Fe-Ni 
alloys)®  and  certain  molecular  crystalline  networks.’®  The  negative  expansion  mechanism  of  these  molecular-level  networks 
is  based  on  un-twisting  of  helical  chains;  but  currently  these  materials  cannot  be  made  in  extended  form. 

The  purpose  of  this  paper  is  to  review  some  recent  work  of  ours  on  composites  with  extremal  thermal  e>q)ansion  behavior 
first  described  in  a  brief  report”  and  subsequently  elaborated  upon  in  detailed  paper. 
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2.  TOPOLOGY  OPTIMIZATION  PROCEDURE 


We  use  a  topology  optimization  procedure  to  determine  the  distribution  of  two  different  bulk  material  phases  and  a 
void  phase  in  order  to  design  composites  with  extremal  or  unusual  thermal  expansion  behavior.  Tluee  phases  are  used  (as 
opposed  to  two  phases)  since  one  can  achieve  composite  properties  beyond  those  of  the  individual  components.'^ 
Microstructural  variation  is  limited  to  one  length  scale  in  a  unit  cell  as  this  is  most  easily  manufacturable.  An  interesting 
question  arising  from  the  work  of  Baughman  and  Galvao is  whether  there  is  a  mechanistic  relationship  between  negative 
thermal  expansion  and  negative  Poisson's  ratio?  Negative  Poisson's  ratio  materials  expand  laterally  when  pulled  axially  and 
can  be  made  by  processing  foams  with  rentrant  (non-convex)  cells  Lakes.’''  We  will  show  that  isotropic  materials  with 
negative  thermal  expansion  coefficients  and  positive  Poisson's  ratios  exist,  and  can  be  made  by  mixing  two  phases  with 
positive  thermal  ejq)ansion  coefficients  and  void.  We  first  describe  briefly  the  optimization  procedure  and  then  present 
results  for  specific  design  examples. 

Assuming  two-dimensional  linear  elasticity,  perfect  bonding  between  the  material  phases,  uniform  temperature  distribution 
and  constant  isotropic  material  properties,  theimoelastic  behavior  of  materials  can  be  described  by  the  constitutive  relations 


where 


(J=C[s-a^T]=Ce-p^T 


C  = 
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V  0 
1  0 
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2  V 


(1) 

(2) 


a  and  e  are  the  stress  and  strain  tensors,  EdsvA  v  are  the  Young's  modulus  and  Poisson's  ratio  of  the  considered  material 
and  A  ris  the  temperature  change.  The  thermal  strain  tensor  a  is  the  resulting  strain  of  a  material  allowed  to  expand 
freely,  whereas  the  thermal  stress  tensor  /?  =  Ca  is  the  stress  per  degree  Kelvin  in  the  material  constrained  not  to  expand. 
For  the  three-phase  composite  of  interest,  relation  (1)  is  valid  on  a  local  scale  (with  subscripts  0,  1,  and  2  appended  to  the 
theroelastic  properties)  and  the  macroscopic  scale  (with  subscript  *  appended  to  the  properties).  In  the  latter  case,  the 
stresses  and  strains  are  averages  over  local  stresses  and  strains,  respectively. 


The  topology  optimization  procedure  proposed  here  essentially  follows  the  steps  of  conventional  procedures.'^’ '®  The  design 
domain  is  the  periodic  base  cell  and  is  initialized  by  discretizing  it  into  3600  finite  elements.  The  problem  consists  in 
finding  the  optimal  distribution  of  the  two  base  materials  and  void,  such  that  the  objective  function  is  minimized.  The 
objective  function  can  be  any  combination  of  the  individual  components  of  the  effective  thermal  strain  and  stress  tensors 
( a  Oil  and  ( P  .)ij;  ’"'ith  constraints  on  the  bulk  modulus  and  symmetry,  i.e.. 


Optimize  :  Combination  of  (a  •)«  or  (y0  .)ij> 

Variables  :  Distribution  of  two  material  phases  (3) 

and  void  in  the  periodic  base  cell, 

Subject  to  :  Constraints  on  volume  fractions  Ci, 

:  Symmetry  constraints, 

:  Lower  bound  on  bulk  modulus  k-  or 
Young's  modulus  E. . 

The  optimization  procedure  solves  a  sequence  of  finite  element  problems  followed  by  changes  in  material  type  (density)  of 
each  of  the  finite  elements,  based  on  sensitivities  of  the  objective  function  and  constraints  with  respect  to  design  changes.  In 
contrast  to  conventional  procedures,  we  use  an  “artificial”  material  model  i.e.,  properties  in  a  given  element  are  some 
fraction  of  solid  material  properties. 
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3.  DESIGN  EXAMPLES 


To  benchmark  the  optimization  algorithm,  we  first  check  to  see  how  close  we  can  approach  newly  developed  rigorous  upper 
and  lower  bounds  on  the  effective  isotropic  thermal  coefficients  a  -  and  for  three-phase  coiriposites  obtained  by 
Gibiansky  and  Torquato  The  material  data  for  the  phases  are  chosen  as  E2IE1  =  1,  Vi=  V 2  =  0.3,  a  2/«  1  =  10,  cq  = 
0.5  and  ci  =  cj  =  0.25.  For  computational  reasons,  the  void  phase  is  given  a  small  stiffness,  E^/Ei  =  10' ,  which,  however, 
does  not  have  significant  structural  effect.  Note  that  the  volume  fractions  Ci  are  held  fixed  for  this  hypothetical  composite 
to  allow  for  comparison  with  the  bounds  and  for  easy  interpretation  of  the  results.  The  bounds  on  a  -  are  most  naturally 
expressed  in  terms  of  the  effective  bulk  modulus  k.  =  £./2(l+  V 

We  consider  the  following  four  hypothetical  design  examples  constrained  to  be  elastically  isotropic: 

(a)  Minimization  of  the  isotropic  thermal  strain  coefficient  a  JUi  with  a  lower  boimd  constraint  on  the  effective  bulk 
modulus  given  as  10%  of  the  theoretically  attainable  bulk  modulus,  i.e.  A:./ki  =  0.0258.  Horizontal  geometric  symmetry 

is  specified.  •  n  j  1 

(b)  Minimization  of  the  isotropic  thermal  strain  coefficient  a ./  a  1  with  lower  bound  constraint  on  effective  bulk  modulus 

given  as  10%  of  the  theoretically  attainable  bulk  modulus.  Four-fold  geometric  symmetry  is  specified. 

(c)  Maxinuzation  of  the  effective  bulk  modulus  k-fri  for  fixed  zero  thermal  expansion  ( a  ■/  a  1  =  0).  Horizontal  reflection 
symmetry  is  specified. 

(d)  Maximization  of  isotropic  thermal  stress  coefficient  Pd  pi  .  Four-fold  symmetry  is  specified. 

Three  by  three  arrays  of  the  resulting  optimal  base-cell  topologies  are  shown  in  Figs.  1  and  2;  their  associated  effective 
properties  are  given  in  Ref.  12.  The  solutions  obtained  by  the  design  procedure  turn  out  to  be  very  close  to  the  new  bounds, 
thus  validating  the  numerical  procedure.  One  can  get  even  closer  to  the  boimds  using  finer  discretizations;  however,  this 
has  not  been  done  for  computing-time  reasons.  Note  that  extreme  values  of  the  thermal  strain  coefficients  are  only  possible 
for  low  bulk  moduli.  If  we  simply  tried  to  minimize  (or  maximize)  the  thermal  strain  a  we  would  end  up  with  a  very 
weak  material.  Therefore,  there  is  a  tradeoff  between  extremizing  thermal  strain  coefficients  on  the  one  hand  and  ending  up 
with  a  stiff  material  on  the  other. 

The  actual  mechanisms  behind  the  extreme  thermal  expansion  coefficients  of  the  materialstructure  can  be  difficult  to 
understand.  To  visualize  one  of  the  mechanisms,  the  (exaggerated)  displacements,  due  to  an  increase  in  temperature  of  the 
microstructure  in  Fig.  1,  is  shown  in  Fig.  3.  Studying  Fig.  3,  we  note  that  there  appears  to  be  contact  between  parts  of  the 
microstructure.  This  contact  is  only  due  to  the  magnification  of  the  displacements  used  in  the  illustration.  The  simple  linear 
TtinHplIing  used  here  can  not  take  such  problems  into  account.  Nevertheless,  it  would  be  interesting  to  extend  the  analysis  to 
include  non-linear  behavior  including  contact,  which  would  open  up  for  a  whole  new  world  of  interesting  design 
possibilities.  We  will  leave  these  extensions  to  futiure  studies. 

When  allowing  low  bulk  moduli  [as  in  examples  (a)  and  (b)],  the  main  mechamsm  behind  the  extreme  (negative)  thermal 
expansion  is  the  reentrant  cell  structure  having  bimaterial  components  which  bend  and  cause  larp  deformation  when 
heated.  The  bimaterial  interfaces  of  design  examples  (a)  and  (b)  bend  and  make  the  cell  contract,  similar  to  the  behavior 
of  negative  Poisson's  ratio  materials^'*.  If  a  higher  effective  bulk  modulus  is  specified,  as  in  example  (c),  the  intricate  bi- 
material  mffrbaui.sTn.s  are  less  pronoimced  resulting  in  a  less  extreme  expansion  {a-  =0).  Finally,  maximizing  the 
e>q)ansive  stress,  as  in  example  (d),  results  in  a  structure  without  bimaterial  mechanisms,  where  the  high  expansion  phase 
(cross  hatched  phase)  is  arranged  such  that  it  maximizes  the  horizontal  and  vertical  expansion. 

Design  examples  (a)  and  (b)  in  Fig.  1  demonstrate  how  two,  topologically,  very  different  microstructures  can  have  (almost) 
the  same  value  of  the  objective  function.  The  only  difference  between  the  two  examples  is  the  specified  geometric  symmetry. 

To  design  real  new  materials  with  extreme  thermal  expansion,  the  two  base  materials  should  be  of  similar  stiffiiess  but 
widely  differing  thermal  expansions.  Two  materials  fulfilling  this  requirement  are  isotropic  Invar  (Fe-36%Ni)  and  mckel. 
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which  have  Young's  moduli  of  150  GPa  and  200  GPa,  respectively,  thermal  expansion  coeflRcients  of  0.8  //  m  /  (mK)  and 
13.4  jj.  val{m  K),  and  Poisson's  ratios  of  0.31  for  both.  In  Refs.  11  and  12  we  considered  the  following  design  examples: 

(e)  ;  minimization  of  the  isotropic  thermal  stress  coefficient  P  •  and  horizontal  reflection  symmetry; 

(f)  :  minimzation  of  the  vertical  thermal  stress  {E-yzi.  ct  •)22  and  horizontal  and  vertical  reflection  symmetry;  and 

(g)  :  maximization  of  the  vertical  strain  ( a  •)22  with  the  constraint  on  the  vertical  Young's  modulus  \E-)22  5  >  GPa  and 
horizontal  and  vertical  reflection  symmetry. 

For  examples  (e)-(g),  the  phase  volume  fractions  Cj  are  unconstrained,  allowing  for  a  wider  range  of  minimum  and 
maximum  values. 

The  resulting  optimal  topologies  are  shown  in  Refs.  1 1  and  12  and  the  corresponding  effective  properties  are  listed  in  Table 
I.  As  the  optimal  stractures  of  design  examples  (f)  and  (g)  are  anisotropic,  Table  1  lists  two  numbers:  for  .  a  . ,  £•  and  fr  • 
these  are  the  associated  horizontal  and  vertical  components,  respectively,  and  for  v  •  these  are  the  components  ( v  12)  •  and 
(V21)..'" 

To  overcome  the  positive  thermal  expansion  of  other  surrounding  materials,  we  seek  to  maximize  the  contraction  force,  i.e., 
minimize  .  as  in  example  (e).  The  isotropic  vertical  contraction  stress  (per  degree  Kelvin)  of  example  (e)  is  E-  a  -  = 
73.6kPa/K.  Relaxing  the  isotropy  requirement,  as  in  example  (f),  reduces  this  directional  value  to  (E-)2{cc  •)22  =  - 
137.7kPa/K.  If  maximum  expansion  stress  is  desired,  the  best  choice  is  to  use  solid  nickel  material  in  all  cases. 

The  isotropic  negative  thermal  expansion  materials  in  examples  (a),  (b)  and  (e)  both  have  positive  Poisson's  ratios  (0.52 
and  0.06,  respectively),  shoving  that  there  is  no  mechanistic  relationship  between  negative  thermal  expansion  and 
negative  Poisson's  ratio.  In  example  (g)  we  see  again  that  anisotropy  can  lead  to  very  high  directional  expansion 
coefficients.  The  vertical  coefficient  of  ( a  •)2i  of  example  (g)  is  2.6  times  higher  than  for  solid  nickel,  but  at  the  cost  of  a 
low  vertical  Young's  modulus.  (2.5%  of  nickel). 


4.  DISCUSSION 

We  have  proposed  a  method  to  design  material  microstractures  with  extreme  thermoelastic  properties.  The  optimization 
procedure  has  been  shown  to  be  very  accurate  in  producing  the  optimal  microstructures.  Our  obtained  values  are  quite  close 
to  the  Gibiansky-Torquato  bounds,  which  are  the  best  available  rigorous  bounds,  thus  validing  the  optimization  procedure. 
We  have  shown  that  extreme  thermal  expansion  behavior  can  be  obtained  but  at  the  cost  of  a  low  bulk  modulus.  Therefore, 
there  is  a  tradeoff  between  extremizing  thermal  strain  coefficients  on  the  one  hand  and  ending  up  with  a  stiff  material  on 
the  other.  We  have  also  shown  that  extreme  directional  thermal  expansion  can  be  obtained  by  allowing  anisotropy  of  the 
composites. 

In  practice,  how  can  our  optimally  designed  materials  be  manufactured?  They  may  be  fabricated  with  cell  sizes  down  to  10- 
50  microns  using  siuface  micromachining  techniques  as  seen  for  materials  with  negative  Poisson's  ratios  in  Larsen, 
Sigmrmd  and  Bouwstra^®  or  stereolithography  techniques.^’  Furthermore,  it  will  be  interesting  to  examine  whether  the 
lessons  learned  from  this  continuum  analyses  can  be  exploited  to  optimally  design  and  synthesis  of  materials  at  the 
molecular  level  (e.g.  Baughman  and  Galvao.’® 

Finally,  we  note  that  the  method  is  applicable  to  design  of  smart  materials  (piezoelectric  or  shape-memory-alloy  inclusions). 
We  are  in  the  process  of  applying  the  topology  optimization  method  to  find  the  three-dimensional  structures  that  optimize 
the  piezoelectric  properties  of  the  material  for  use  as  actuators  or  sensors,^’  The  extension  to  three  dimensions  is  straight 
forward,  but  computer  time  will  increase  dramatically. 
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TABLE  I.  Themoelastic  parameters  for  optimal  microstructures  made  of  Invar  (phase  1)  and  nickel  (phase  2). 
Note  that  for  the  isotropic  example  (e),  P  •  =  E.a./1-  v  •}  =  2k.a.. 


Material 

a- 

E- 

V- 

P- 

C1/C2 

fi  m/(mK) 

GPa 

kPa/K 

Invar 

0.8 

150 

0.31 

174 

1/0 

Nickel 

13.4 

200 

0.31 

3884 

0/1 

e 

■4.97 

14.8 

0.055 

-77.6 

0.60/0.28 

f 

5.42/-4.68 

69.9/29.5 

0.059/0.025 

372/-129 

0.60/0.30 

g 

23.4/35.0 

1.09/5.00 

-.135/-.621 

2.01/174 

0.38/0.46 
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FIG.  2.  Optimal  microstructures  for  maximization  of  bulk  modulus  with  zero  thp.rmal 
expansion  for  design  example  (c)  (top)  and  maximization  of  effective  thermal  stress 
coefficient  for  design  example  (d)  (bottom).  The  white  regions  denote  void  (phase  0),  the 
filled  regions  consist  of  low  expansion  material  (phase  1)  and  the  cross-hatched  regions 
consist  of  high  expansion  material  (phase  2). 


FIG.  3.  Themal  displacement  of  microstmcture  in  Fig.  1  (bottom). 
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ABSTRACT 

In  the  past,  optical  fiber  switches  have  typically  been  constructed  from  plastics  or 
ceramics.  However,  the  inability  of  these  materials  to  operate  effectively  at  high 
temperatures  has  greatly  restricted  the  utilization  of  these  devices.  Recently,  fiber  optic 
switches  have  been  manufactured  from  two  thermally  stable  materials:  carbon-carbon  and 
BS50,  a  high  temperature  ceramic.  The  integration  of  these  dimensionally  stable  materials 
into  the  fabrication  of  the  optical  switch  will  allow  the  switch  to  be  utilized  in  an 
increased  number  of  applications  including  optics,  aerospace,  mechanical,  medical,  and 
electronics.  Preliminary  testing  included  examining  these  new  optical  switches  for 
structural  damage  due  to  the  manufacturing  process  and  testing  the  switches  to 
demonstrate  that  the  fibers  could  be  realignedafter  processing.  The  tests  concluded  that 
no  structural  damage  was  induced,  and  the  critical  fiber  realignment  was  achieved. 


1.  INTRODUCTION 

Optical  switches  are  primarily  recognized  for  their  use  in  communication  systems. 
Efficient  switches  must  possess  desirable  optical  properties  such  as  small  light  reflection, 
low  insertion  loss,  and  low  optical  crosstalk.  The  SAvitches  should  also  have  low  power 
consumption  and  should  be  compact  emd  inexpensive.*  Numerous  switches  are  available 
which  possess  these  characteristics.  However,  many  feasible  applications  are  unable  to 
take  advantage  of  optical  switches  because  the  switches  are  unable  to  withstand  certain 
environmental  conditions,  such  as  large  temperature  fluctuations  which  result  in  fiber 
misalignments.  For  example  the  thermal  expansion  of  typical  ceramics  and  plastics  is  .5  x 
10'^  to  13.5  X  10'^  (°C-')  and  50  x  IQ-®  to  220  x  10’^  (“C')  respectively.  Therefore,  for 
the  further  integration  of  optical  fiber  switches  into  civilian  and  military  infrastructure,  it 
is  necessary  to  demonstrate  higher  performance  levels  over  environmental  conditions. 
One  specific  example  where  this  is  true  is  flight-worthy  applications.  The  optical  fiber 
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components  used  in  these  systems  need  to  be  rugged  and  provide  consistent  performance 
despite  being  subjected  to  a  wide  range  of  temperatures. 

Optical  fiber  switches  are  especially  critical  components  because  they  form  the  basis  of 
optical  fiber  distribution  networks.  These  devices  need  to  maintain  accurate  fiber 
alignment  over  extended  lifetimes  while  performing  optical  fiber  switching  and  alignment 
with  millisecond  response  times.  Optical  sivitch  technology  would  benefit  substantially  if 
they  were  constructed  from  thermally  stable  materials.  The  critical  alignment  that  is 
maintained  between  multiple  fibers  is  severely  limited  due  to  thermal  expansion  of  the 
alignment  ferrules,  and  this  problem  has  limited  the  applications  of  switch  devices  in  the 
past. 

Recently,  optical  fiber  switches  have  been  constructed  using  two  types  of  thermally 
stable  materials,  graphite  and  BS50  ceramic.  The  thermal  expansion  of  both  of  these 
materials  is  <1  x  10'^  (°C‘‘).  The  thermal  expansion  of  BS50  is  also  tailorable  to  fit 
specific  applications.  Research  shows  that  these  new  switches  possess  both  desirable 
optical  characteristics  and  dimensional  stability.  There  is  no  evidence  of  damage  due  to 
the  manufacturing  process,  and  critical  fiber  alignment  is  maintained  after  material 
processing. 


2i:XPERIMENTAL 


2.1  Materials 

Two  different  thermally  stable  filler  materials  were  mixed  with  a  polyimide  matrix  to  form 
the  fiberoptic  switches.  The  fillers  were  natural  graphite  flakes  #2  (120  -  150  p.m  in 
diameter)  supplied  by  Dixon  Corporation  and  BS50  (an  NZP  ceramic)  supplied  by 
LoTEC,  Incorporated.  The  matrix  resin  was  LaRC'^^-SI  (2%  offset),  furnished  by  Imitec, 
Incorporated.  The  solvent  N-methyl-pyrrolidinone  (NMP)  was  provided  by  Aldrich 
Chemical  Company.  All  materials  were  used  as  received. 

2.2.1  Coating  Process 

A  predetermined  amount  of  LaRC™-SI  was  dissolved  in  NMP  at  room  temperature  to 
form  two  solutions.  The  graphite  and  BS50  dry  filler  particles  were  each  added  to  a 
solution  to  form  a  thick  paste.  The  mixtures  contained  5%  (w)  and  10%  (w)  LaRC^^-SI 
respectively.  The  mixtures  were  placed  in  a  vacuum  oven  at  260°C  and  the  solvent  was 
removed.  The  mixtures  were  then  ground  into  fine  particles  of  useable  material. 


2.2.2  Switch  Manufacturing  Process 


A  specific  amount  of  each  powder  was  measured  and  placed  in  a  rectangular  stainless 
steel  mold.  Two  ceramic  fiber  ferrules  (either  singlemode  or  multimode)  were  embedded 
in  the  powder  as  shown  in  Figure  1 .  The  mold  was  placed  in  a  press  where  it  experienced 
a  pressure  of  12,000  psi  at  300°C  for  one  hour.  The  mold  was  allowed  to  cool  to  150°C; 
then  the  consolidated  piece  was  removed  from  the  mold.  The  consolidated  parts  are 
referred  to  as  microcomposites.  The  photographs  in  Figure  2  illustrate  the 
microcomposite  manufacturing  process.  Following  consolidation,  the  microcomposites 
were  cut  lengthwise  along  their  centerline  using  an  Ecomet  automated  diamond  saw.  An 
alignment  pin  was  placed  in  one  ferrule  and  an  optical  fiber  was  placed  in  the  remaining 
ferrule.  In  this  configuration,  one  of  the  halves  remains  fixed,  and  the  other  rotates  about 
the  pin  to  obtain  the  desired  alignment.  Figure  3  illustrates  this  optical  svwtch 
arrangement. 


3.  TESTING  AND  PERFORMANCE  OF  THE  OPTICAL  SWITCHING  DEVICE 

The  desired  performance  of  the  microcomposite  optical  switch  is  a  function  of  its 
robustness  and  ability  to  realign  properly  following  the  manufacturing  process.  Both 
factors  were  thoroughly  researched  after  processing.  The  integrity  of  the  microcomposite 
optical  switch  was  investigated  using  an  optical  microscope.  The  surfaces,  primarily  the 
cut  edges,  were  carefully  examined  for  microcracking  and  voids.  The  embedded  fiber 
ferrules  were  scrutinized  for  cracking  which  could  have  resulted  from  the  large  amount  of 
pressure  applied  during  processing.  Microscopic  observations  showed  that  the  pieces 
were  well  consolidated  with  no  cracks  or  voids,  and  the  fiber  ferrules  maintained  their 
original  structure  and  strength. 

The  ability  of  the  of  the  two  switch  halves  to  be  realigned  properly  after  processing  and 
cutting  was  tested  by  transmitting  light  through  linked  optical  fibers  and  modulating  one 
half  of  the  optical  switch  using  a  piezoelectric-based  actuator,  THUNDER™.  The 
THUNDER™  actuator  was  mounted  perpendicular  to  one  of  the  microcomposite  switch 
halves  and  positioned  so  that  it  contacted  the  edge  of  the  microcomposite  as  shown  in 
Figure  4.  The  microcomposite  switch  linked  two  multimode  fibers  through  which  light 
was  being  transmitted  to  an  optical  detector  when  the  fibers  were  aligned.  The  detector 
was  connected  to  an  oscilloscope  so  that  the  optical  throughput  could  be  monitored 
during  the  test  as  shown  in  Figure  5.  Figure  6  shows  data  obtained  from  modulating  the 
THUNDER™  actuator  at  approximately  1  Hz.  The  top  line  is  the  sinusoidal  signal 
driving  the  THUNDER^*^  wafer,  and  the  bottom  line  shows  the  monitored  optical  signal 
as  the  switch  is  modulated  through  the  off  and  on  states,  respectively.  This  verifies  that 
the  switch  can  be  realigned  properly  after  manufacturing. 


Embedded  ceramic  ferrules 


Figure  1.  Position  of  embedded  ceramic  ferrules  in  the  powder. 


Graphite  powder  BS50  powder 


Figure  2.  Microcomposite  manufacturing  process:  (a)  BS50 
or  graphite  powder  mixed  with  LaRC™-SI  is  weighed,  and 
(b)  is  placed  in  a  microcomposite  mold,  then  (c)  the  mold  is 
placed  under  12,000  psi  at  300°C 


4.  SUMMARY  AND  CONCLUSIONS 


An  optical  switching  device  has  been  developed  using  thermally  stable  microcomposite 
materials.  Preliminary  testing  indicates  the  switch  is  structurally  robust  and  capable  of 
being  realigned  after  an  intense  manufacturing  process.  In  the  future,  a  considerable 
amount  of  testing  will  be  done  to  further  investigate  the  optical,  thermal,  and  mechanical 
characteristics  of  this  switch. 

The  use  of  this  new  microcomposite  technology  will  lead  to  the  rapid,  high-volume 
manufacture  of  optical  fiber  switches  by  allowing  them  to  be  cut  from  a  continuous  mold 
along  an  assembly  line. 
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ABSTRACT 

During  the  last  several  years  novel  piezoelectric  bending  actuators  have  been  developed:  RAINBOW,  CERAMBOW, 
CRESCENT,  t/33  bimorph  and  THUNDER.  A  comparative  experimental  investigation  of  electromechanical  characteristics 
of  these  devices  along  with  conventional  d-^  bimorph  and  unimorph  actuators  was  conducted  in  this  work.  All  transducers 
were  fabricated  from  soft  piezoelectric  ceramics.  The  experimental  results  show  that  <^33  bimorph  and  unimorph  elements 
have  superior  quasistatic  characteristics  as  compared  to  other  type  of  bending-mode  actuators.  All  these  piezoelectric 
devices  demonstrate  a  significant  dependence  of  electromechanical  performance  on  the  magnitude  of  the  driving  electric 
field.  It  was  found  that  the  decrease  in  the  mechanical  quality  factor  and  resonant  frequency  of  bending  vibrations  in  <^31 
unimorph,  RAINBOW,  CRESCENT  (CERAMBOW)  and  THUNDER  with  increasing  electric  field  is  much  smaller  than 
that  in  bimorph  and  unimorph  actuators.  The  dependence  of  the  behavior  of  these  devices  on  the  operating  conditions 
governs  the  selection  of  a  particular  device  for  a  specific  application. 

Keywords:  piezoelectric  actuators,  bimorph,  unimorph,  RAINBOW,  CRESCENT,  CERAMBOW,  THUNDER 

1.  INTRODUCTION 

Piezoelectric  ceramics  have  a  relatively  high  electromechanical  coupling  coefficient  which  makes  them  very  attractive  for 
applications  involving  efficient  transformation  of  electrical  energy  into  mechanical  energy  and  vice  versa.  Therefore 
piezoelectric  actuators  fabricated  from  these  ceramics  have  significant  potential  for  use  as  sensors  and  actuators  in  smart 
systems.  Some  of  the  most  popular  types  of  piezoelectric  devices  are  bending  actuators,  in  which  applied  electric  field 
causes  mechanical  bending  because  of  the  piezoelectric  effect.  A  classical  example  of  such  a  device  is  piezoelectric  bimorph 
actuator'  consisting  of  two  similar  electroded  piezoelectric  plates  poled  along  their  thickness  and  adhesively  bonded 
together.  A  schematic  view  of  the  piezoelectric  bimorph  cantilever  with  rectangular  cross-section  is  shown  in  Fig.  la.  The 
flexural  displacement  t|  under  applied  voltage  U  (Fig.  lb)  is  caused  by  the  piezoelectric  effect  in  the  direction  perpendicular 
to  the  polar  (Z)  axis  (piezoelectric  ^31  coefficient). 


(a)  (b) 

Fig.  1.  (a)  A  schematic  view  of  the  piezoelectric  d-n  bimorph  cantilever  with  series  coimection.  P,  denotes  the  vector  of  the 
spontaneous  polarization,  (b)  Flexural  displacement  of  the  transducer  in  the  ZX  plane  under  the  applied  voltage. 
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Another  widely  used  bending  actuator  is  unimorph  (Fig.  2).^  The  unimorph  actuator  consists  of  the  non¬ 
piezoelectric  and  electroded  piezoelectric  plates  bonded  together.  Here,  like  in  the  piezoelectric  bimorph,  the  piezoelectric 
effect  in  the  direction  perpendicular  to  the  polar  axis  (coefficient  d^i)  generates  flexural  displacement. 


Fig.  2.  A  schematic  view  of  the  piezoelectric  unimorph  cantilever  with  rectangular  cross-section. 

A  new  type  of  bending  piezoelectric  actuator  named  RAINBOW  (standing  for  Reduced  And  Internally  Biased 
Oxide  Wafer)  has  recently  been  developed.^  This  is  a  monolithic  bender  in  which  the  ceramic  is  subjected  to  a  selective  high 
temperature  reduction  with  graphite  in  an  oxidizing  atmosphere  resulting  in  a  reduced  non-piezoelectric  layer  with  metallic 
electrical  conductivity  and  an  unreduced  piezoelectric  layer.  The  resulting  stress-biased  monolithic  unimorph  has  domelike 
structure  (Fig.  3)  because  of  difference  in  the  thermal  contraction  of  reduced  and  non-reduced  parts  of  the  ceramic  plate.  It 
was  stated  that  the  actuator  can  generate  significant  axial  displacement.'' 


Fig.  3.  A  schematic  view  of  RAINBOW  actuator. 

CERAMBOW  (stands  for  CERAMic  Biased  Oxide  Wafer)  piezoelectric  actuator  is  another  stress-biased  unimorph 
actuator  in  which  metal  and  electroded  ceramic  plates  are  cemented  together  at  an  elevated  temperature  using  appropriate 
solder.^  Curvature  develops  as  the  CERAMBOW  is  cooled  to  room  temperature  since  the  metal  and  ceramics  have  different 
coefficients  of  the  thermal  expansion.  CERAMBOW  has  the  same  shape  as  RAINBOW  (Fig.  4).  A  much  more  reliable  way 
for  stress-biased  actuators  fabrication  has  been  suggested  by  the  authors.  Dome  shape  of  this  stress-biased  unimorph  named 
CRESCENT  (Fig.  4)  is  achieved  by  bonding  metal  and  electroded  piezoelectric  plates  at  a  high  temperature  using  special 
epoxies  (curing  temperature  is  200-400  °C).  If  fabricated  at  the  same  temperature,  the  CERAMBOW  and  CRESCENT  have 
similar  electromechanical  properties. 

Another  new  class  of  bimorph  and  unimorph  actuators  utilizing  piezoelectric  c?33  coefficient  has  recently  been 
developed.®  This  caterpillar-lype  piezoelectric  d^-i  transducer  consists  of  piezoelectric  segments  bonded  by  a  polymeric  agent 
by  a  dicing  and  layering  technique  (Fig.  5).  It  is  the  piezoelectric  effect  along  polar  axis  Ps  (coefficient  d^^)  that  causes 
flexural  displacement  in  these  transducers.  Since  piezoelectric  4/33  coefficient  in  commercial  piezoelectric  ceramics  is  2-2.2 
time  large  than  ^^31,  this  transducer  generates  significantly  higher  displacement  than  conventional  piezoelectric  d-n  bimorph 
and  unimorph  actuators. 
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Fig.  4.  Schematic  view  of  CERAMBOW  (CRESCENT). 


Fig.  5.  A  schematic  view  of  the  caterpillar-type  unimorph  actuator.  In  the  case  of  a  bimorph  consisting  of  two  similar 
piezoelectric  plates,  the  metal  plate  is  replaced  by  the  same  piezoelectric  plate. 

Recently,  another  type  of  unimorph  stress-biased  piezoelectric  actuator  -  THUNDER  -  (stands  for  THin  layer 
Unimorph  DrivER  and  sensor)  has  been  reported.’  The  technique  of  THUNDER  fabrication  consists  of  high  temperature 
bonding  (300-350  °C)  of  an  electroded  ceramic  plate  with  metal  foils  using  LARC’™-SI  polyimide  adhesive  developed  at 
NASA.  The  foils  are  cemented  from  both  surfaces  of  the  ceramic  plate  and  the  thickness  of  the  metal  foils  on  one  surface  of 
the  ceramic  plate  is  much  thicker  than  on  the  other  (Fig.  6).  After  the  high  temperature  bonding  the  structure  is  given  an 
additional  bent  by  mechanical  pressing  to  increase  curvature.  No  published  data  are  available  to  date  for  evaluating 
electromechanical  properties  of  THUNDER. 


Fig.  6.  Schematic  view  of  THUNDER. 

Thus,  several  new  types  of  piezoelectric  bending  actuators  have  emerged  during  the  last  several  years.  A 
comparative  analysis  of  their  electromechanical  properties  is  indeed  the  need  of  the  hour.  Therefore  this  work  was 
imdertaken  in  attempt  to  find  and  use  unified  criteria  for  the  device  characterization.  The  approach  used  is  described  in 
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section  2.  Experimental  procedure  and  results  are  presented  in  section  3.  Finally,  discussion  and  summary  are  given  in 
section  4. 


2.  REPRESENTATION  OF  EXPERIMENTAL  DATA 


Actuators  consisting  of  plates  with  rectangular  cross-section  have  only  been  considered  in  this  work.  Since  in  many 
instances  piezoelectric  bending  actuators  are  used  in  the  cantilever  configuration  where  one  end  of  the  actuator  is  clamped 
and  the  second  one  vibrates  under  or  without  an  external  load  (Fig.  1),  this  configuration  was  used  for  the  actuator 
characterization. 

In  the  cantilever  configuration  mechanical  load  is  usually  applied  to  the  vibrating  end  of  the  cantilever.  Therefore 
the  most  important  quasistatic  characteristics  are  the  free  displacement  q  (Fig.  1)  of  the  vibrating  end  and  the  blocking 
force  Fbi  when  ri=0.  For  piezoelectric  bimorph  and  unimorph  actuators® 

'x\-—d — k.E, 
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where  d  is  the  piezoelectric  coefficient  of  ceramics,  5  is  the  mechanical  compliance  of  ceramics  in  the  direction  X  under  the 
constant  electric  field  E  (Fig.  1),  E  =  Ult^  for  all  actuators  except  for  d^s  bimorph  and  unimorph  for  which  E  =  fZ/f,  (Fig. 
5),  /,  w,  and  4  are  the  dimensions  of  the  piezoelectric  plate  of  the  cantilevers  (Figs.  1  and  2),  and  ki  and  fcdf  are  displacement 
and  blocking  force  coefficients,  respectively.  For  conventional  piezoelectric  d^i  bimorph  and  unimorph  actuators  (Figs.  1 
and  2)  piezoelectric  coefficient  d^i  and  mechanical  compliance  sfj  should  be  used  in  equation  (1);  for  d^s  transducers  d^^ 
and  should  be  used. 

For  bimorph  cantilevers  displacement  and  blocking  force  coefficients  in  equation  (1)  are  equal  to  1,  for  unimorph 
cantilevers  -without  internal  stress  bias  (Figs.  2  and  5)  they  can  be  expressed  as® 

,  2xy{l+x)  t 

1  . 
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where  is  the  thickness  of  the  non-piezoelectric  plate  (Fig.  2)  and  7^  is  the  Young’s  modulus  of  the  non-piezoelectric 
plate.  As  follows  from  the  analysis  of  equation  (2)  factors  ki  and  ka  depend  on  the  ratio  of  thicknesses  x  and  Young’s 
moduli  y  of  non-piezoelectric  and  piezoelectric  plates.  The  larger  y  is,  the  higher  the  value  of  ki  and  k^  for  optimum  x. 
Analysis  shows  that  maximum  value  of  is  0.5  and  corresponding  kaisl. 

For  stress-biased  unimorph  actuators  like  RAINBOW,  CERAMBOW,  and  CRESCENT,  mechanical  stress  arising 
in  these  structures  dming  de-rice  fabrication  and  poling,  changes  electromechanical  properties  of  ceramics.  Therefore 
equation  (1)  for  these  actuators  can  be  written  as 

3  E 
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where  d^  and  s®  are  the  piezoelectric  and  mechanical  compliance  coefficients  of  the  piezoelectric  ceramics  before  the 
derice  fabricating,  k^  and  kp^  are  coefficients  equal  to  relative  change  in  c/31  and  d^Jsf^  respectively  as  a  result  of  the  acting 
mechaitical  stress.  Coefficients  ki  and  ka  in  equation  (3)  should  be  calculated  using  equation  (2)  for  values  of  piezoelectric 
and  electromechanical  coefficients  of  the  piezoelectric  plate  poled  under  mechaitical  stress.  Equation  (3)  is  also  valid  for 
THUNDER  but  in  this  case  ki  and  k^  are  not  described  by  equation  (2). 

One  more  important  quasistatic  electromechanical  characteristic  of  the  actuators  is  their  electrical  admittance  7 : 

Y  =  J(O^Elk^,  (4) 
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where  0  is  the  angular  frequency,  ej,  is  the  component  of  the  tensor  of  the  dielectric  permittivity  of  ceramics  and  is  the 
factor  depending  on  the  corresponding  mechanical  coupling  coefficient  and  a  change  in  the  dielectric  permittivity  as  a  result 
of  the  devices  fabricating. 

Thus  as  is  seen  from  equations  (1-4)  quasistatic  electromechanical  characteristics  of  actuators  with  the  same 
dimensions  of  piezoelectric  part  of  the  devices,  the  same  electric  field,  and  the  same  frequency  can  be  normalized  with 
respect  to  actuator  chosen  as  a  standard.  It  is  convenient  choose  bimorph  actuator  (Fig.  1)  as  this  standard.  Therefore 
the  tip  displacement  rj,  blocking  force  Fm  and  electrical  admittance  Y  of  all  above  described  transducers  fabricated  using  the 
same  piezoelectric  ceramics  can  be  expressed  as 


TT'  __  T^bimotph 
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Y _  ybimorph^Y 
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where  /J ,  /J ,  /J  are  individual  figures  of  merit  characterizing  the  tip  displacement,  blocking  force  and  electrical 
admittance  of  a  specific  bending  actuator,  respectively. 

The  mechanical  work  that  can  be  produced  by  the  bending-mode  actuators  is  proportional  to  the  product  of  the 
multiplication  of  the  tip  displacement  t]  and  the  blocking  force  : 

(6) 

(Juasistatic  electrical  energy  W^x  accumulated  in  the  transducer  is  proportional  to  its  dielectric  permittivity  s,  the  volume  of 
the  piezoelectric  plate  and  the  square  of  electric  field  E.  Using  equation  (4),  the  follovting  relation  is  obtained: 

(7) 

CO 

The  ratio  of  the  mechanical  work  to  the  input  electrical  energy  can  serve  as  an  overall  figure  of  merit  for  the 
electromechanical  efficiency  of  the  piezoelectric  actuator, 

00 


integral  figure  of  merit  = 


Y  t^E-  ■ 


Using  equation  (5)  the  overall  figure  of  merit  relative  to  that  of  piezoelectric  dix  bimorph, /„,  can  be  written  as 

Pf 

a.  J  ttlJ  m 
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Thus,  the  relative  factors  fl,  /J,  and  P  make  it  possible  to  describe  quasistatic  electromechanical 
characteristics  of  bending-mode  piezoelectric  actuators  in  the  cantilever  configuration.  It  is  important  to  note  that  the 
actuators  under  consideration  should  be  fabricated  using  the  same  piezoelectric  ceramics  and  should  have  the  same 
dimensions  of  the  active  piezoelectric  part.  All  quasistatic  characteristics  should  be  measured  for  the  same  amplitude  and 
frequency  of  the  applied  electric  field  since  electromechanical  properties  of  piezoelectric  ceramics  depend  on  the  amplitude 
and  frequency  of  the  electric  field.*  Experimental  results®  *  show  that  despite  a  significant  dependence  of  quasistatic 
electromechanical  characteristics  of  piezoelectric  actuators  fabricated  from  soft  piezoelectric  ceramics  on  the  applied 
electric  field,  the  changes  of  these  characteristics  for  difierent  actuators  show  almost  the  same  variation.  Therefore  it  is 


enough  to  find  p ,  /J ,  /J  ,  and/n,  for  one  value  of  the  applied  electric  field. 

Since  in  many  cases  bending-mode  actuators  are  operated  near  the  fundamental  frequency  of  bending  vibrations, 
resonant  characteristics  of  the  actuators  are  also  important.  The  values  of  the  fundamental  resonant  frequency  14  and  the 
mechanical  quality  factor  can  be  chosen  to  characterize  resonant  properties.  The  fundamental  resonant  frequency  of  the 
piezoelectric  <^31  bimorph  cantilever  with  rectangular  cross-section  is® 


L875"  t,  1 
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(10) 


where  pc  is  the  density  of  the  ceramics.  The  resonant  frequency  of  the  piezoelectric  c?3i  unimorph  with  rectangular  cross- 
section  is  expressed  as’  °  _ 

1  I  K .  (H) 

'  47C  /-  ]k,(l  +  xz)  p. 

where  p,n  is  the  density  of  the  non-piezoelectric  plate.  Thus,  it  is  evident  that  the  resonant  frequency  of  the  unimorph 
cantilever  is  a  function  of  the  resonant  frequency  of  the  piezoelectric  plate  (bimorph).  For  calculating  the  fundamental 
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resonant  frequency  of  piezoelectric  tfss  bimorph  and  unimorph,  s,®,  should  be  used  in  equations  (10)  and  (1 1)  instead  of  . 
Equation  (11)  is  also  valid  for  RAINBOW,  CERAMBOW,  and  CRESCENT  cantilevers  but  in  this  case,  the  mechanical 
compliance  of  the  stress-biased  piezoelectric  plate  should  be  used  in  the  calculations.  For  THUNDER  too,  the  resonant 
frequency  is  a  function  of  the  resonant  frequency  of  piezoelectric  plate  which  is  described  by  equation  (10)  but  the  actual 
dependence  is  a  more  complicated  function  of  x,  y  and  z.  Based  on  the  analysis  described  above,  the  resonant  frequency  of 
the  bending  mode  actuators  can  be  related  to  the  resonant  frequency  of  the  piezoelectric  dsi  bimorph  which  has  the  same 
dimensions  of  the  active  piezoelectric  plate,  using  the  equation 

v,=vr^'’/:,  (12) 

where  /J  is  the  figure  of  merit  characterizing  the  fundamental  resonant  frequency  of  the  bending-mode  transducer.  It  is 
known®  that  the  fundamental  resonant  frequency  depends  on  the  magnitude  of  the  applied  electric  field.  Therefore  another 
important  parameter  to  be  considered  is  the  relative  change  in  the  resonant  frequency  Av,/v,  as  a  function  of  the  electric 
field. 

The  mechanical  quality  factor  gm  is  another  important  resonant  characteristic.  Since  mechanical  vibrations  of  the 
piezoelectric  bending-mode  actuators  are  described  by  fourth-order  difierential  equation®  and  not  by  a  second  order  one, 
should  be  defined  appropriately.  By  analogy  with  the  definition  of  for  damped  harmonic  vibrator  without  frequency 
dispersion  of  the  relevant  electromechanical  parameters  of  the  system,  can  be  expressed  as” 

a=  — ,  (13) 

R 

where  -qr  is  the  amplitude  of  resonant  vibrations.  The  amplitude  of  resonant  vibrations  depends  on  mechanical  losses  in  the 
actuator®  and  is  also  very  sensitive  to  the  way  the  cantilever  is  clamped.  Therefore  it  is  preferable  to  compare  the  relative 

change  AQ^/Q^  as  a  function  of  the  electric  field  instead  of  gm- 

Thus,  relative  factors  /„" ,  /J ,  /J ,  and  are  used  to  characterize  quasistatic  electromechanical  characteristics 
and  /J ,  Av^/v, ,  and  AO^IQ^  are  used  to  characterize  resonant  properties  of  bending-mode  piezoelectric  actuators  in  the 
cantilever  configuration. 


3.  EXPERIMENTAL  PROCEDURE  AND  EXPERIMENTAL  RESULTS 


All  transducers  investigated  were  fabricated  from  soft  piezoelectric  ceramics  and  had  a  rectangular  cross-section  and  the 
following  dimensions:  0.4-2. 5  mm  in  thickness,  5-15  mm  in  width,  and  15-35  mm  in  length.  Piezoelectric  bimorph  and 
metal/piezoelectric  unimorph  actuators  were  fabricated  from  PKI550  (Piezo  Kinetic,  Inc.)  ceramic  plates  poled  along  their 
thickness.  This  category  of  piezoelectric  ceramics  is  analogous  to  soft  piezoelectric  ceramics  PZT5H.  Stainless  steel  SS302 
was  used  to  make  the  unimorphs  because  of  its  very  high  Young’s  modulus  and,  consequently,  high  theoretical  ratio  of 
Young’s  moduli  >^3.05  (equation  (2)).  The  plates  were  bonded  using  corrunercial  J-B  Weld  epoxy  (J-B  Weld  Company). 
Piezoelectric  ds^  bimorphs  were  fabricated  by  a  dicing  and  layering  technique.®  Theoretical  ratio  of  Young’s  moduli  for  the 
d^s  unimorph  is  y=3.90.  The  ceramic  plates  in  the  stack  were  bonded  using  commercial  conductive  adhesives  EP21TDCS 
(Master  Bond,  Inc.)  and  E-Solder  3025  (Insulating  Materials,  Inc.).  J-B  Weld  epoxy  was  used  for  bonding  metal  and  sliced 
ceramic  plates.  Each  piezoelectric  segment  in  the  piezoelectric  plates  (Fig.  5)  had  the  following  dimensions:  =  t,  =  1.09 
rrun,  w  =  11  mm.  As  follows  from  equation  (2),  electromechanical  characteristics  of  d^i  and  d^s  unimorph  actuators  depend 
on  the  ratio  of  thicknesses  x  and  Young’s  moduli  y  of  non-piezoelectric  and  piezoelectric  plates.  Theoretical  analysis 
shows'®  that  maximum  value  of  the  displacement  factor  and  overall  figure  of  merit correspond  to  different  values  of 
X.  Therefore,  only  devices  exhibiting  maximum  quasistatic  tip  displacement  were  chosen.  Experimental  study  showed®’’ ° 
that  for  SS302/PKI550  unimorphs  optimum  x  lies  between  0.2  and  0.35. 

CRESCENTS  were  fabricated  from  PKI550  and  SS302  using  several  types  of  high  temperature  epoxies.  Since  the 
Curie  temperature  ~200  °C  was  lower  than  the  device  fabrication  temperature,  the  actuators  were  poled  after  their 
fabrication.  It  was  found  that  tip  displacement  factor  for  CRESCENT  depends  not  only  on  the  x  and  y  factors  but  also 
on  the  curing  temperature  Ter;  therefore  only  CRESCENTS  possessing  maximum  were  used  for  a  comparative  study. 
For  actuators  with  4=1  mm  and  mm  the  optimal  curing  temperature  was  around  250-260  °C.  The  radius  of  the 

curvature  of  the  transducer  before  poling  was  0.4  m  and  after  poling  it  increased  to  0.8-0.9  m. 
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Since  figures  of  merit  are  defined  for  elements  with  the  same  dimension  of  the  piezoelectric  part,  the  experimental 
data  obtained  for  actuators  fabricated  from  PKI550  with  different  dimensions  were  recalculated  for  a  device  with  standard 
dimensions  of  piezoelectric  plate. 

RAINBOW  actuators  were  cut  from  piezoelectric  RAINBOW  disks  which  were  purchased  from  Aura  Ceramics, 
Inc.  RAINBOW  disks  are  fabricated  from  C3900  ceramics  which  is  analogous  to  PZT5H.  The  thickness  of  the  devices  was 
0.46-0.48  mm,  the  thickness  of  the  piezoelectric  (umeduced)  part  U  was  approximately  0.27-0.29  mm.  The  thickness  of  the 
reduced  layer  was  0. 12  mm  and  the  thickness  of  conductive  epoxy  layer  which  served  as  electrode  was  0.07  mm. 

THUNDER  actuators  were  fabricated  from  soft  piezoelectric  ceramics  PZT5A  and  A1  foil.  Three  layers  of  the  foil 
were  cemented  on  one  side  of  the  ceramic  plate  and  one  layer  on  the  other  side.  Curing  temperature  was  300-320  °C.  The 
thickness  of  the  THUNDERs  was  0.41  mm,  the  thickness  of  piezoelectric  plates  was  0.2  mm.  The  radius  of  the  actuator 
curvatures  after  poling  was  approximately  0.33  m.  After  the  high  temperatures  bonding  followed  by  poling  (first  stage)  the 
devices  were  additionally  bent  by  mechanical  pressing  (second  stage)  and  the  radius  of  the  curvature  decreased  to  0.14  m. 
Measurements  of  piezoelectric  characteristics  were  conducted  after  the  first  and  second  stages. 

Individud  figures  of  merit  of  RAINBOW  and  THUNDER  actuators  were  calculated  using  their  e^erimental  data 
and  theoretical  calculations  for  bimorph  actuators  from  the  same  piezoelectric  ceramics  having  the  same  dimensions. 

The  tip  displacement  of  actuators  was  measured  by  a  photonic  sensor  MTI  2000  (MTI  Instruments  Division).  The 
blocking  force  was  measured  by  means  of  a  load  cell  ELF-TC500  (Entran  Devices,  Inc)  and  the  electrical  admittance  was 
measured  my  means  of  a  lock-in  amplifier  SR830  DSP  (Stanford  Research  Systems,  Inc).  A  complete  description  of  the 
experimental  set-up  is  given  elsewhere.*  Electromechanical  characteristics  were  measured  in  quasistatic  regime  and  at  the 
fundamental  frequency  of  bending  vibrations.  In  the  quasistatic  regime  the  measurement  frequency  was  at  least  ten  times 
smaller  than  the  fundamental  resonant  frequency. 

Experimental  figures  of  merit  f2  ,  /J ,  f2  >fm,  and  /J  representing  electromechanical  characteristics  of  the 
actuators  studied  are  given  in  the  Table.  These  values  were  obtained  for  low  applied  electric  field  (less  than  20  V/cm). 
Dependencies  of  the  resonant  frequency  and  mechanical  quality  factors  on  the  electric  field  are  shown  in  Figs.  7  and  8, 
respectively.  Resonant  characteristics  of  CRESCENT  actuators  were  similar  to  that  of  unimoiphs.  No  significant 
difference  in  almost  all  measured  electromechanical  properties  of  THUNDER  actuators  after  the  first  and  second  stages  of 
their  fabrication  was  observed.  Only  mechanical  quality  factor  decreased  by  23%  after  the  second  stage. 

Table.  Figures  of  merit  of  bending-mode  piezoelectric  actuators  in  the  cantilever  configuration. 


TYPE  OF 
PIEZOELEMENT 

Tip  displacement 
factor  /; 

Blocking  force 
factor  f2 

Admittance 
factor  /J 

Overall  figure  of 
merit 

Resonant  frequency 
factor  /; 

£^31  Bimorph 

1 

1 

1 

1 

1 

£^31  Unimorph 
r=0.34,  y=3.05 

0.41 

1.8 

1.0 

0.74 

1.7 

RAINBOW 

0.19-0.22 

0.1-1.2 

0.66 

0.03-0.40 

1.2-1.4 

CRESCENT  250  °C 
(CERAMBOW) 
x=0.34,  ys3.05 

0.44 

1.75 

0.91 

0.85 

1.7 

THUNDER 

(3A1/PZT5A/A1) 

0.12 

0.36-1.0 

0.90 

0.05-0.13 

2.1 

£^33  Bimorph 

2.5 

1.52 

~1 

3.80 

0.84 

£^33  Unimorph 
x=0.34,  y=3.90 

0.72 

3.5 

~1 

2.52 

1.7 

Analysis  ofdsi  bimorphs  experimental  data  showed  that  the  experimental  tip  displacement  and  its  theoretical  value 
calculated  according  to  equation  (1)  are  in  good  agreement.  Averaged  experimental  value  of  the  blocking  force  was  33% 
less  than  theoretical  one  given  by  equation  (1)  and  the  averaged  experimental  value  of  the  resonant  frequency  of  cantilevers 
was  13%  smaller  that  theoretical  one  (equation  (10)).  Nevertheless,  the  resonant  frequency  of  these  bimorph  actuators  with 
free-free  boundary  conditions  (non  of  the  ends  is  clamped)  coincided  with  the  theoretical  one.  For  d^i  ummorph  actuators 
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the  same  tendency  was  observed:  the  blocking  force  was  smaller  by  13%  and  the  resonant  frequency  was  smaller  by  12% 
than  corresponding  theoretical  values.  In  bimorphs  the  blocking  force  was  smaller  by  42%  and  fte  resonant  frequency 
was  smaller  by  17%  than  corresponding  theoretical  values.  The  discrepancy  was  smaller  for  c?33  unimorphs:  the  blocking 
force  was  smaller  by  7%  and  the  resonant  frequency  was  smaller  than  the  corresponding  theoretical  values  by  3%.  There 
may  be  several  reasons  for  these  discrepancies.  Firstly,  under  the  applied  electric  field,  piezoelectric  cantilever  bends  not 
only  along  the  X  axis  but  also  along  the  7  axis  (Fig.  1).  In  theoretical  calculations  bending  along  the  7  axis  was  neglected. 
Bending  along  the  7  axis  may  affect  the  blocking  force  and  resonant  frequency  of  actuators.  The  second  reason  is  that  the 
cementing  epoxy  whose  thickness  was  neglected  in  the  calculations,  may  also  change  electromechanical  properties  of  the 
actuators.  We  were  imable  to  conduct  the  same  analysis  for  RAINBOW,  CRESCENT  and  THUNDER  actuators  since  exact 
electromechanical  properties  of  these  devices  are  unknown. 

As  seen  from  the  Table,  the  blocking  force  factor  for  RAINBOW  does  not  have  an  exact  value.  This  is  because  the 
blocking  force  showed  significant  dependence  on  the  external  load.  The  force  increased  markedly  with  inrrpaging 
mechanical  pre-stress  which  can  be  generated  externally  by  the  horizontal  displacement  of  the  load  cell  stuck  to  the 
vibrating  end  of  the  actuator.  It  was  also  found  that  if  the  load  cell  was  pressed  against  the  vibrating  end  the  measured 
blocking  force  was  an  order  of  magnitude  large  than  that  for  the  case  when  the  load  cell  was  glued  to  the  vibrating  end  of 
RAINBOW  cantilevers.  A  significant  scattering  in  the  measured  blocking  force  factor  /J  of  THUNDERs  (see  Table)  is 
probably  caused  by  experimental  limitations  since  it  is  very  difficult  to  attach  the  vibrating  end  of  THUNDER  having  a 
curved  shape  and  the  load  cell  head  having  a  flat  surface. 


0.2  0.4  0.6  0.8  1.0 

Electric  Field  (kV/cm) 

Fig.  7.  Dependence  of  the  resonant  frequency  of  bending  vibrations  on  the  electric  field  (rms).  Low-field  resonant 
frequency  is:  1394  Hz  (  dsi  bimorph),  1015  Hz  (cisi  unimorph),  1029  Hz  (dss  unimorph),  595  (RAINBOW),  and  227  Hz 
(THUNDER). 


Electric  Field  (kV/cm) 


Fig.  8.  Dependence  of  the  relative  mechanical  quality  factor  on  the  electric  field  (rms).  Low-field  quality  factor  is:  55 
(dsi  bimorph),  48  (dsi  unimorph),  25  (dss  unimorph),  62  (RAINBOW),  and  137  (THUNDER,  after  first  stage). 
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4.  DISCUSSION  AND  SUMMARY 


As  follows  from  the  Table,  bimorph  and  unimorph  actuators  have  the  best  quasistatic  electromechanical  characteristics 
with  respect  to  the  blocking  force  and  overall  figure  of  merit.  The  reason  for  this  is  that  piezoelectric  J33  coefficient  and 
corresponding  coupling  factor  are  2-2.2  times  large  than  d^\  and  k-i\.  d^i  bimorph  generates  higher  tip  displacement  than 
<^33  unimorph  but  its  blocking  force  is  significantly  lower,  d^^  bimorph  is  followed  by  CRESCENT  (CERAMBOW)  and  d^i 
unimorph  actuators.  It  is  interesting  that  the  CRESCENT  fabricated  at  the  optimal  temperature  has  a  higher  tip 
displacement,  and  overall  figure  of  merit  than  <^31  unimorph  fabricated  from  the  same  materials.  It  means  that  the  average 
piezoelectric  d^i  coefficient  of  the  piezoelectric  plate  poled  under  certain  mechanical  bending  stress  is  higher  and 
corresponding  dielectric  permittivity  e  lower  than  that  of  the  starting  material.  A  probable  reason  is  that  there  are  specific 
domain  structures  that  are  formed  during  poling.  Two  experimental  facts  support  this  hypothesis:  the  first  one  is  a 
significant  increase  in  the  radius  of  the  transducer  curvature  after  poling.  The  second  fact  is  that  after  separation  of  the 
metal  and  ceramic  plates  in  the  poled  CRESCENT,  the  ceramic  plate  retained  its  curved  shape  which  implies  that  there  is 
practically  no  mechanical  stress  in  the  transducer.  Moreover,  effect  of  the  longitudinal  stress  cannot  explain  the  increase  in 
the  tip  displacement  since  experimental  results'^  show  that  longitudinal  stress  decreases  piezoelectric  d^x  coefficient.  If  the 
CRESCENT  is  prepared  above  the  optimal  temperature  residual  mechanical  stress  may  decrease  piezoelectric  d^x 
coefficient. 

As  is  seen  firom  the  Table,  RAINBOW  and  THUNDER  actuators  have  lowest  quasistatic  figures  of  merit.  Since 
reduced  layer  in  RAINBOW  actuator  has  a  Young’s  modulus'^  much  lower  than  stainless  steel  used  for  d^x  unimorph 
fabrication,  displacement  factor  k^  for  this  actuator  is  less  than  that  for  unimorphs.  In  addition  as  follows  from  the  analysis 
of  equation  (2),  the  ratio  of  thickness  of  the  reduced  and  active  piezoelectric  layers  is  less  than  the  optimal  one.  The  same 
reason  can  explain  inferior  quasistatic  behavior  of  THUNDERs.  Also,  these  devices  have  metal  foils  from  both  sides  that 
decrease  tip  displacement.  Since  the  thickness  of  the  piezoelectric  plates  in  the  device  was  relatively  small,  the  adhesive 

layers  can  also  decrease  f2  ■ 

As  seen  from  Fig.  7,  the  fundamental  resonant  frequency  of  bending-mode  actuators  depends  on  the  applied 
electric  field.  Large  sensitivity  of  the  resonant  frequency  of  ^33  unimorph  to  electric  field  can  be  due  to  the  fact  that  at  a  high 
level  of  mechanical  stress  which  exists  at  a  high  level  of  resonant  vibrations  the  epoxy  bonding  the  piezoelectric  segments 
becomes  soft  due  to  non-linear  strain-stress  relationship  in  the  polymer  materials.  Resonant  properties  of  d^^  bimorph  were 
not  measured  but  based  on  the  above  discussion,  this  device  should  be  even  more  sensitive  to  high  electric  field  because  it 
does  not  have  the  stabilizing  metal  plate.  Relatively  high  dependence  of  v,  of  d^x  bimorph  can  be  caused  by  an  increase  of 
the  mecharucal  compliance  of  the  piezoelectric  ceramics  with  increasing  electric  field.*  The  effect  of  mechanical 
“softening”  of  the  piezoelectric  ceramics  in  all  rfsi-type  unimorph  devices  is  less  significant  since  they  have  non¬ 
piezoelectric  part  whose  properties  do  not  depend  on  the  electric  field. 

All  actuators  demonstrate  a  sigiuficant  decrease  of  the  mechanical  quality  factor  with  increasing  electric  field  (Fig. 
8).  The  most  sensitive  device  smdied  was  the  d^x  bimorph.  Since  the  amplitude  of  resonant  vibrations  is  inversely 
proportional  to  the  mecharucal  losses  at  the  resonance^  the  mechanical  losses  increase  sigitificantly  under  high  electric 
field.  At  the  electric  field  1  kV/cm  the  mecharucal  quality  factor  decreases  by  an  order  of  magnitude  as  compared  to  its  low- 
field  value.  Since  in  unimorph-type  structures  there  is  non-piezoelectric  part  in  which  the  mechanical  losses  do  not  depend 
on  the  applied  electric  field,  the  decrease  of  0^  in  these  actuators  is  more  gradual. 

It  should  be  noted  that  there  is  one  more  important  figure  of  merit  that  has  not  been  considered  in  this  work.  It  is 
mecharucal  failure  at  resonance.  Our  results  showed  that  at  a  high  level  of  mecharucal  vibrations  at  resonance  the  actuators 
fracture.  The  fracture  occurred  at  the  surface  of  ceramic  plates  in  the  region  where  actuators  were  clamped  since  this  area  is 
subjected  to  the  highest  level  of  stress.  Analysis  of  experimental  data  showed  that  fracture  of  d^x  bimorph  and  unimorph 
transducers  at  resonance  occurs  if  the  maximum  stress  at  the  clamped  surface  reaches  30-50  MPa.  In  this  case  mechanical 
failme  occurs  in  several  seconds.  Clearly,  unimorph  actuators  having  metal  plates,  such  as  <^31  and  <^33  unimorph, 
CRESCENT,  CERAMBOW,  and  especially  THUNDER,  are  more  reliable  in  a  sense  that  even  if  mecharucal  failure  of 
ceramics  occurs  the  actuators  do  not  fracture  since  metals  like  steel  or  A1  have  much  higher  fracture  toughness  than 
ceramics. 

It  is  worthwhile  to  note  that  the  straight  or  slightly  curved  shape  of  bending-mode  actuators  is  not  optimal  in  terms 
of  overall  figure  of  merit /„,.  For  instance,  theoretical  calculations  show  that  L-shaped  d^xx  bimorph  cantilever  (Fig.  9)  has 
higher  blocking  force  factor  /J  and  overall  figure  of  merit than  straight  c/31  bimorph  with  the  same  dimensions.  This  is 
because  in  a  conventional  straight  structure,  bending  moment  generated  in  the  acmator  works  against  the  blocking  force 
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applied  to  the  vibrating  end.  Therefore  this  force  blocks  the  movement  of  the  actuator’s  tip  only.  In  the  L-shaped  structure, 
application  of  the  horizontal  force  produces  a  mechanical  moment  on  the  horizontal  part  of  the  actuator.  Thus,  the  blocking 
force  should  almost  prevent  displacement  in  the  whole  bottom  part  of  the  transducer  consequently  the  magnitude  of  the 
corresponding  blocking  force  should  be  higher  in  this  case. 


Fig.  9.  Schematic  view  of  L-shaped  bimorph  and  theoretical  figures  of  merit  of  this  device  with  l\=lx=0.5l. 


In  suimnaiy,  a  comparative  experimental  investigation  of  electromechanical  characteristics  of  piezoelectric  c?3i  and 
c?33  bimorph  and  unimorph  actuators,  RAINBOW,  CRESCENT  (CERAMBOW),  and  THUNDER  actuators  in  cantilever 
configuration  has  been  conducted.  The  tip  displacement,  blocking  force,  and  electrical  admittance  were  chosen  to 
characterize  quasistatic  properties  and  the  resonant  frequency  and  mechanical  quality  factor  were  chosen  to  characterize  the 
behavior  at  the  fundamental  fi'equency  of  bending  vibrations.  The  experimental  results  show  that  c?33  bimorph  and  unimorph 
actuators  have  superior  quasistatic  characteristics  as  compared  to  other  types  of  bending-mode  actuators.  It  was  found  that 
resonant  frequency  and  especially  mechanical  quality  factor  of  all  actuators  depend  on  the  apphed  electric  field, 
unimorph,  RAINBOW,  CRESCENT  (CERAMBOW),  and  THUNDER  were  found  to  be  less  dependent  on  the  applied 
electric  field  than  <^31  bimoiph  and  d^^  bimorph  and  unimorph  actuators.  These  results  indicate  that  the  choice  of  devices  for 
a  particular  application  depends  on  conditions  imder  which  the  device  will  operate. 
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Rainbow  actuators  and  sensors:  a  new  smart  technology 
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ABSTRACT 

Recent  developments  in  the  technology  of  ferroelectric,  piezoelectric,  electrostrictive  and  antiferroelectric  ceramic 
actuators  have  clearly  demonstrated  that  the  materials  required  for  future  applications  such  as  positioners,  levelers,  pumps, 
vibration-free  structures  and  variable-focus  elements  will  need  to  be  more  sophisticated  (multifunctional  and  smart),  more 
economical  and  possess  a  higher  degree  of  performance  than  presently  available.  One  recently  developed  method  for 
producing  considerably  higher-than-normal  displacement  in  these  materials  is  known  as  tbe  RAINBOW  (Reduced  and 
INtemally  Biased  Oxide  Wafer)  technology.  This  acronym  denotes  the  basic  active  structure  of  the  Rainbow  device  which 
is  produced  by  a  special  high  temperature  chemical  reduction  process.  In  its  most  basic  sense,  a  Rainbow  can  be  considered 
to  be  a  pre-stressed,  monolitbic,  axial-mode  bender;  however,  because  of  its  unique  dome  or  saddle-shaped  configuration,  it 
is  able  to  produce  much  higher  displacements  (up  to  several  mm  depending  on  size)  and  sustain  moderate  loads  (up  to  10 
kg  depending  on  thickness)  than  normal  benders  such  as  unimorphs  and  bimorphs.  The  technology  of  producing  and 
characterizing  such  Rainbows  as  well  as  methods  for  increasing  their  utihty  by  means  of  stacked  actuators  for  increased 
linpjir  displacement  and  matrix  arrays  for  enhanced  coverage  in  wide-area  applications  such  as  smart  skins,  autoleveling 
structures  and  deformable  coatings  are  described. 

Keywords:  ferroelectrics,  piezoelectrics,  electrostrictors,  actuators,  sensors.  Rainbow  devices,  PLZT,  smart  structures, 
actuator  arrays,  pre-stressed  structures 


1.  INTRODUCTION 

The  recently  renewed,  worldwide  interest  in  ferroelectric,  piezoelectric,  electrostrictive  and  antiferroelectric 
ceramics  by  a  number  of  commercial,  industrial  and  government  agencies  has  been  brought  about  as  a  result  of  their  unique 
combination  of  properties  (dielectric,  electromechanical,  photomechanical,  electrooptic,  memory,  etc.)  which  make  them 
nearly  ideal  candidates  for  a  variety  of  actuating  and/or  sensing  apphcations  where  small  size,  low  weight,  low  or  high 
force,  small  displacement  and  variable  sensitivities  are  required.  Such  applications  include  automobile  and  home  utility 
improvements,  industrial  automation,  systems  for  national  security,  aircraft  control  and  maneuverability,  data  processing, 
entertainment  communications  and  space  exploration.  Furthermore,  since  they  are  capable  of  the  combined  functions  of 
aetnating  sensing  and  Controlling  in  response  to  an  external  environment  or  condition,  they  belong  to  that  special  class  of 
multifunctional  ceramics  known  as  “smart”  materials.’ 

In  spite  of  their  many  obvious  advantages  in  these  applications,  such  ceramics  are  still  limited  in  their  ability  to 
deliver  high  energy  or  power;  e.g.,  a  ceramic  linear  actuator  being  able  to  simultaneously  generate  high  displacement  and 
high  force  imdpr  static  or  quasi-static  conditions  is  still  beyond  the  scope  of  present  ceramic  technologies  .  In  general, 
such  actuators  can  generate  significant  force  (>10^  N)  with  very  little  movement  (on  the  order  of  microns),  or  they  can 
dehver  millimeters  of  displacement  via  strain-amplifying  techniques  with  little  or  no  force;  but  not  both  at  the  same  time. 
The  first  of  these  is  fyq)ified  by  the  monolithic  or  multilayer,  direct  extensional  actuator  while  the  second  is  typical  of  a 
bimorph  (two  opposed  active  ceramic  elements)  or  unimorph  (one  ceramic  element  with  inactive  metal  substrate)  actuator. 
Deliverable  energy  densities  per  unit  mass  for  the  PZT  and  PMN-based,  direct  extensional  actuators  were  reported  by 
Giurgiutiu  and  co-workers^  to  range  from  0.2  to  1  J/kg  at  an  overall  average  electrical-to-mechanical  conversion  efficiency 
of  20%. 


An  Rssecsmpnt  of  the  present-day  ceramic  actuator  technologies  for  ceramic  materials  is  given  in  Figure  1.  As  seen 
from  the  figure,  direct  extensional  configurations,  composite  flextensional  structures  and  bending-mode  devices  are  all  used 
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Figure  1.  A  comparison  of  ceramic  actuator  technologies. 

to  achieve  an  electromechanical  output.  Trade-offs  between  stress  generating/load-bearing  capability  and  strain 
(displacement)  must  usually  be  made  when  designing  for  particular  applications.  Maximum  displacement  can  be  seen  to 
be  achieved  with  composite  or  bender  structures;  however,  this  is  usually  accomphshed  at  the  expense  of  less  load-bearing 
capability.  A  more  recently  developed  strain-amplifying  method  for  piezoelectric  and  electrostrictive  ceramic  materials  is 
known  as  the  RAINBOW  (Reduced  And  Internally  Biased  Oxide  Wafer)  technology.  A  complete  reference  listing  for  the 
Rainbow  technology  is  given  in  references  3  through  17.  The  properties  of  the  Rainbow  are  such  that  it  is  classified  as  a 
pre-stressed,  bender  actuator  which  expands  the  load-bearing  capability  of  the  conventional  benders  while  at  the  same  time 
TTiaintaining  or  increasing  their  mechanical  displacement  characteristics.  Key  features  of  the  Rainbows  are  their  simplicity, 
ease  of  processing,  flexibility  and  surface  mountable  configuration.  Rainbow  actuators  have  been  successfully  fabricated 
from  all  of  the  common  high-lead  containing  ferroelectric,  piezoelectric,  electrostrictive  and  antiferroelectric  compositions 
such  as  PZT,  PLZT,  PSZT,  PBZT,  PNZT,  PBiZT,  PZT-5A,  PZT-5H,  PZT-4  and  PMN-PT.®  "  ’'' 

The  purpose  of  this  paper  is  to  describe  the  Rainbow  technology  in  terms  of  materials,  processing,  properties  and 
applications.  Methods  for  increasing  their  utility  via  cascading  arrangements  for  increased  displacement  and  matrix  arrays 
for  wide-area  coverage  are  also  described. 

2.  RAINBOW  MATERIALS  AND  PROCESSING 


2.1  Rainbow  materials 

Although  a  number  of  different  compositions  have  been  successfully  prepared  as  Rainbows,  those  most  compatible 
to  the  specific  processes  used  and  most  amenable  to  achieving  the  desired  properties  are  in  the  PLZT  solid  solution  family. 
Typical  high  displacement,  ferroelectric  compositions  are  1/53/47  (La/Zr/Ti)  and  5.5/56/44  for  low  and  high  dielectric 
constant  applications,  respectively;  whereas,  the  usual  compositions  for  the  electrostrictive-lype  applications  are  9/65/35  or 
8.4/70/30.  These  specific  compositions  are  pointed  out  in  the  PLZT  phase  diagram  given  in  Figure  2.  As  may  be  noted, 
the  ferroelectric  materials  are  morphotropic  phase  boundary  compositions,  and  the  non-memory,  electrostrictive  materials 
are  compositionally  located  along  the  ferroelectric-to-paraelectric  phase  boundary.® 
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2.2  Rainbow  processing 

The  Rainbow  technology  fundamentally  consists  of  a  new  processing  method  that  is  applied  to  standard,  high  lead- 
containing  ferroelectric,  piezoelectric  and  electrostrictive  ceramic  wafers  which  are  transformed  by  the  process  into  a 


Figure  2.  Room  temperature  phase  diagram  of  the  PLZT  solid-solution  system  along  with  the  PZT 

system  vs.  temperature.  The  specific  compositions  (8.4/70/30,  9/65/35,  5.5/56/44, 1/53/47) 
are  indicated  by  the  bold  black  circles,  left  to  right,  respectively. 

monolithic,  composite  structure  consisting  of  a  stressed  dielectric  and  a  chemically  reduced,  electrically  conductive  layer 
which  acts  as  the  stressing  element  as  one  of  the  electrodes  for  the  final  device.  Since  all  of  the  materials  are  ferroelectric 
or  electrically-enforced  ferroelectric  materials,  they  are  multifunctional  and  smart,  by  nature,  and  are  thus  capable  of 
performing  both  actuator  and  sensor  functions,  simultaneously. 

The  high  temperature  chemical  reduction  process  involves  the  local  reduction  of  one  surface  of  a  planar  ceramic 
plate,  thereby  achieving  an  anisotropic,  stress-bias^  dome  or  saddle-shaped  wafer  with  significant  internal  tensile  and 
compressive  stresses  which  act  to  increase  the  overall  strength  of  the  material  and  also  provide  its  unusually  high 
displacement  characteristics.  According  to  previously  reported  work,  the  chemical  reduction  process  proceeds  via  simple 
reactions  consisting  of  the  oxidation  of  the  solid  carbon  (graphite)  block  to  carbon  monoxide  and  further  oxidation  of  the 
carbon  monoxide  gas  to  carbon  dioxide  with  the  associated  loss  of  oxygen  firom  the  PLZT  oxide  in  contact  or  in  near  contact 
with  the  graphite  block.^  Figure  3  shows  cross  sections  of  the  dome  curvature  and  a  fi-acture  surface  which  are  typical  of 
the  Rainbow  ceramics. 


(a)  (b) 

Figure  3.  Cross-sectional  views  of  PLZT  5.5/56/44  Rainbow  wafer  illustrating  (a)  dome  profile  and 
(b)  fi-acture  surface  of  reduced  layer  (bottom  portion)  and  unreduced  PLZT  (top  portion). 

Rainbow  ceramics  are  produced  from  conventionally  sintered  or  hot  pressed  ceramic  wafers  by  means  of  a  few 
siniplp:  steps  requiring  approximately  two  hours  of  additional  time.  A  Rainbow  is  produced  fiom  an  as-received  wafer  by 
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placing  it  on  a  flat  graphite  block,  placing  a  protective  zirconia  plate  of  the  same  size  on  top  of  the  wafer  and  introducing 
the  assembly  into  a  furnace  held  at  temperature  in  a  normal  air  atmosphere.  The  part  is  treated  at  a  temperature  of  975°C 
for  one  hour,  removed  fi'om  the  furnace  while  hot  and  cooled  naturally  to  room  temperature  in  about  45  minutes.  A 
reduced,  cermet  layer,  approximately  150  um  thick,  is  produced  in  the  wafer  under  these  treatment  conditions.  When  cool, 
the  dome  or  saddle-shaped  wafer  is  lifted  firom  the  graphite  block;  brushed  and  sanded  hghtly  on  the  reduced  (concave)  side 
to  remove  any  metallic  lead  particles  and  to  expose  the  electrically  conductive,  reduced  cermet  beneath  the  thin,  reoxidized 
layer;  and  then  electroded  for  test  and  evaluatioa  A  variety  of  electrodes  can  be  used  such  as  epoxy  silver,  fired-on  silver 
and  vacuum-deposited  metals.  After  applying  appropriate  electrodes,  the  Rainbow  is  completed  and  ready  for  operation.  It 
should  be  noted  that  although  Rainbows  are  processed  in  bulk  wafer  form,  after  heat  treatment  they  may  be  diced  or 
scribed  into  smaller  elements  (~  1  mm^)  for  a  pick-and-place  operation  onto  a  smart  hybrid  circuit.  This  technique  is 
possible  since  each  individually  diced  element  possesses  a  smaller  but  similar  dome  structure  with  a  radius  of  curvature 
identify!  to  the  larger  wafer.  Even  though  the  displacements  of  the  smaller  individual  elements  are  proportionately  less 
than  the  parent  wafer,  they  nevertheless,  are  large  enough  (5  -  50  microns)  to  be  useful  in  some  devices  as  actuators  and 
sounders  or  as  sensors.  Some  typical  examples  of  sizes  and  shapes  of  Rainbows  are  shown  in  Figure  4. 


:-5 


Figure  4.  Typical  examples  of  sizes  and  shapes  of  Rainbow  elements 


2.3  Rainbow  operation 

In  regard  to  operation,  a  Rainbow  is  similar  to  a  device  known  in  the  industry  as  a  unimorph  bender.  A  unimorph 
is  composed  of  a  single  piezoelectric  element  externally  bonded  to  a  flexible  metal  foil  which  is  stimulated  into  action  by  the 
piezoelectric  element  when  activated  with  a  ac  or  dc  voltage  and  results  in  an  axial  buckling  or  displacement  as  it  opposes 
the  movement  of  the  piezoelectric  element.  However,  unlike  the  unimorph,  the  Rainbow  is  a  monohthic  structure  with 
intpmal  compressive  stress  bias  on  the  piezoelectric  element;  thus  producing  the  dome  structure,  rendering  it  more  rugged 
and  able  to  s»istam  heavier  loads  that  normal.  The  integral  electrode  (usually  the  bottom  electrode)  consists  of  metallic  lead 
intimately  dispersed  throughout  the  semiconductive,  porous  oxide  layer.  The  change  in  shape  of  the  wafer  after  reduction  is 
believed  to  be  due  to  (1)  the  reduction  in  volume  of  the  bottom  reduced  layer  (largely  metalhc  lead)  compared  to  the 
^^nrpjliir/vl  material  as  a  result  of  the  loss  of  oxygen  firom  the  lattice,  (2)  the  differential  thermal  contraction  between  the 
reduced  and  unreduced  layers  on  cooling  to  room  temperature  and  (3)  any  change  in  volume  which  may  occur  on  cooling 
through  the  Curie  point  as  the  material  imdergoes  a  phase  transformation  firom  a  smaller,  non-polar,  cubic  unit  cell  to  a 
larger,  polar,  ferroelectric  unit  cell. 

T  .ikfi  other  piezoelectric  devices.  Rainbows  may  be  operated  with  a  dc,  pulse  dc,  or  ac  voltage;  however,  when 
driven  with  ac,  the  largest  displacements  are  usually  achieved  at  100  Hz  or  less.  In  operation,  the  dome  height  of  the 
Rainbow  varies  as  a  function  of  the  magnitude  and  polarity  of  the  voltage.  When  a  given  polarity  of  voltage  is  applied,  the 
dome  decreases  in  height  depending  on  the  magnitude  of  the  voltage;  and  alternatively,  when  the  polarity  is  reversed,  the 
dome  itirrsasRs  The  large  a^dal  motion  of  the  dome  is  largely  due  to  contributions  firom  (1)  a  lateral  contraction  produced 
in  the  material  via  the  dsi  coefficient  and  (2)  a  stress-directed  domain  switching  process  near  the  top  surface  wherein 
c-axis  Hnmains  lying  in  the  plane  of  the  wafer  as  a  result  of  the  tensile  stress  are  induced  by  the  electric  field  to  switch  to  a 
position  normal  (90°)to  the  plane.  It  should  be  remembered  that  the  180°  domains  that  reorient  in  the  electric  field  do  not 
cause  a  f^hangp.  in  shape  for  the  Rainbow.  A  model  of  this  effect  is  illustrated  in  Figure  5. 
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Figure  5.  A  model  of  the  changes  taking  place  during  operation  of  a  Rainbow  wafer,  depicting  various  stages  of 
domain  alignment  and  reorientation  in  a  Rainbow  actuator;  (A)  as  processed  and  electroded,  (B)  first 
application  of  voltage  causing  domain  reorientation,  (C)  complete  application  of  voltage  producing  near 
complete  domain  ahgnment  and  flattening  of  the  wafer,  (D)  the  asynunetrical  hysteresis  loop  obtained 
on  the  first  application  of  voltage  indicating  partial,  stress-induced  (ferroelastic)  poling  and  (E)  the 
asymmetrical  strain  loop  obtained  on  first  apphcation  of  voltage. 


3.  PROPERTIES 


3.1  Dielectric  properties 

The  temperature  dependent  dielectric  behavior  for  two  PLZT  compositions;  i.e.,  1/53/47  and  9/65/35,  are  shown  in 
Figure  6.  It  can  be  seen  from  the  figure  that  a  gradual  rise  occurs  in  the  relative  dielectric  constant  (1  kHz)  of  1/53/47 


Temperature  fC) 


Figure  6.  Temperature  dependent  dielectric  properties  of  PLZT  Rainbow  wafers. 

firom  a  room  temperature  value  of  approximately  1100  to  about  2700  at  200°C.  No  peak  is  observed  in  this  range  for  this 
composition  because  its  Curie  point  is  330°C.  On  the  other  hand,  composition  9/65/35  shows  a  change  in  dielectric 
constant  firom  3200  to  5700  over  this  same  temperature  range  with  a  peak  occurring  at  105°C,  which  is  its  usual  Curie  point 
as  determined  firom  small  signal  measurements.  Since  this  composition  is  an  electrostrictive,  relaxor-type  material,  this 
Curie  point  does  not  coincide  with  its  loss  in  polarization  which  occurs  at  about  20°C;  thus,  making  it  one  of  the  most 
sensitive,  high  displacement,  electrostrictive  Rainbow  materials.  It  may  be  noted  that  the  dielectric  constants  for  both 
compositions  and  iso  the  dissipation  factor  for  1/53/47  are  comparable  to  previously  reported  values,  and  this  indicates  that 
the  Rainbow  reduction  process  does  not  substantially  change  the  dielectric  properties  of  the  unreduced  part  of  the  structure. 
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3.2  Hysteresis  loops 


Typical  examples  of  dc  hysteresis  loops  for  compositions  1/53/47  and  9/65/35  are  given  in  Figure  7.  The  loop  in 
Figure  7(A)  was  on  the  ferroelectric  Rainbow  element  (1/53/47)  in  its  virgin  condition  before  any  other  measurements 


Figure  7.  Hysteresis  loops  (P  vs.  E)  and  electromechanical  displacement  loops  (D  vs.  E)  for  PLZT  Rainbows 
1/53/47  (A  and  C)  and  9/65/35  (B  and  D),  respectively. 


were  TnaH<»  it  chmiM  be  noted  that  on  the  initial  apphcation  of  positive  voltage  to  +450V  there  was  approximately  60%  of 
the  total  remanent  polaruation  switched  rather  than  the  usual  50%  one  ordinarily  observes  in  a  virgin,  randomly  oriented 
ceramic..  This  behavior  is  highly  unusual  and  indicates  that  the  Rainbow  ceramic  was  partially  poled  before  testing. 
Additional  audio  and  piezoelectric  tests  of  other  virgin  parts  also  indicated  that  the  elements  were  partially  poled  to  varying 
degrees;  i.e.,  some  very  little  and  others  as  high  as  75%. 

One  explanation  for  this  condition  occurring  in  the  electrically  virgin  state  is  that  the  mechanical  compressive  and  tensile 
stresses  produced  in  the  Rainbow  wafer  during  processing  are  acting  together  to  switch  some  of  the  domains  in  this  soft 
ferroelectric/ferroelastic  material.  Since  uniform  stress  is  a  symmetrical  quantity,  it  is  recognized  that  it  alone  is 
inciifRrifMit  to  produce  a  net  polarization  in  a  given  direction  even  though  it  may  be  of  sufficient  magnitude  to  switch 
domains;  however,  a  stress  gradient  such  as  produced  by  the  Rainbow  bending  process  is  a  vector  quantity  and  can,  indeed, 
produce  the  observed  effect.  This  non-uniform  stress  is  believed  to  be  responsible  for  the  partial  poling  of  the  Rainbow 
wafers.  Measured  properties  on  the  above  1/53/47  wafer  were;  Pr  =  44.8  uC/cm^,  Ec  =  7.5  kV/cm,  dielectric  constant  = 
1210  and  dissipation  factor  =  0.047. 

The  virgin  loop  of  Figure  7(B)  is  a  typical  one  for  the  electrostrictive  (9/65/35)  type  of  Rainbow  materials  and  is  very 
gimitar  to  that  obtained  on  bulk  electrooptic  material.  Measured  properties  on  this  wafer  were:  Piokv/cm=28.3  uC/cm^, 
dielectric  constant  =  3142  and  dissipation  factor  =  0.085.  As  a  matter  of  course,  no  unsymmetrical  hysteresis  loops  were 
observed  in  the  electrostrictive  materials,  and  none  was  expected,  since  there  are  no  stable  domains  in  these  materials  at 
zero  electric  field.  Conceivably,  a  high  enough  stress  could  precipitate  stable  domains  in  a  very  near-ferroelectric  material, 
however,  this  was  not  experimentally  confirmed 


3.3  Electromechanical  displacement  loops 

Displacement  vs.  electric  field  (butterfly)  loops  for  the  Rainbow  wafers  described  above  are  also  shown  in  Figure7. 
Figure  7(C)  illustrates  the  Rainbow  axial  motion  as  the  sample  is  electrically  switched  from  zero  to  +450V,  to  -450V  and 
back  to  zero,  however,  in  this  case  this  loop  was  not  taken  on  the  virgin  wafer.  It  may  be  noted  that  this  loop  is  remarkably 
gimilar  to  that  Observed  when  measuring  the  direct  extensional  (longitudinal,  lateral)  displacements  via  the  piezoelectnc  dss 
or  dsi  coefficients.  The  value  of  displacement  in  the  +  voltage  direction  was  measured  at  190.5  urn,  and  the  total  amount 
of  displacement  (+/-)  was  432  unL 

Figure  7(D)  shows  the  displacement  loop  of  the  electrostrictive  Rainbow  material  (9/65/35)  mentioned  above. 
Since  9/65/35  is  a  relaxor  material  there  should  be  httle  or  no  memory,  and  the  same  value  and  sign  of  displacement 
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chniiH  be  obtained  whether  a  +  or  a  -  voltage  is  applied.  One  can  see  by  switching  this  sample  through  a  full  voltage  loop 
that  a  grnall  amount  of  remanent  displacement  (strain)  is  present  which  is  probably  due  to  the  close  proximity  of  this 
cfimpQgitifm  to  a  FE  phase.  A  further  indication  of  this  incipient  FE  phase  is  the  higher  than  normal  value  of  Pio  (Pio  = 
28.3  vs.  a  more  normk  18.0  uC/cm^)  as  given  above.  Measured  value  of  total  displacement  for  this  wafer  was  178  um. 

3.4  Voltage  dependent  displacement  characteristics 

The  displacement  characteristics  as  a  function  of  applied  voltage  are  given  in  Figure  8  for  some  selected 
compositions.  One  of  the  most  striking  features  of  this  figure  is  the  very  high  displacements  achieved  by  these  Rainbow 


Figure  8.  Axial  dislacement  characteristics  of  Rainbow  PLZT  compositions  as  a  function  of  voltage. 

ceramics  at  moderate  electric  fields;  e.g.,  400  volts  is  equivalent  to  an  electric  field  of  10  kV/cm.  Composition  9/65/35  is 
noted  to  possess  the  highest  displacement  of  210  um  at  a  maximum  voltage  of  600  volts,  however,  its  displacement  is 
characteristically  non-linear  because  of  its  electrostrictive  nature.  Compositions  1/53/47  and  5.5/56/44  are  ferroelectric 
materials  and  ius,  are  more  linear  in  behavior.  As  a  general  rule,  the  displacements  of  the  ferroelectric  materials  are 
lower  than  those  of  the  electrostrictive  compositions,  particularly  when  operated  at  higher  voltages  and  one  polarity; 
however  imder  bipolar  operation,  the  displacement  values  of  the  ferroelectric  materials  will  commonly  be  double  the  values 
shown  in  the  figure. 

Figure  9  illustrates  the  unusually  large  range  of  displacements  obtained  for  Rainbows  as  a  function  of  thickness. 


Figure  9.  Displacement  characteristics  of  Rainbow  PLZT  1/53/47  as  a  function  of  wafer  thickness. 
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where  thif^Vnass  is  plotted  against  the  log  of  displacement.  Wafer  thickness  has  been  found  to  have  a  significant  effect  upon 
axial  displacement  primarily  because  of  the  change  in  motional  mode;  i.e.,  from  dome  (spherical)  to  saddle  (cylindrical) 
flpving  as  the  wafer  thickness  is  reduced  to  approximately  one-hundredth  of  the  diameter.  For  example,  a  31.75  mm  (1.25 
inch)  diameter  wafer  usually  develops  a  saddle-mode  configuration  when  its  thickness  is  less  than  0.32  mm  (0.013  inch). 
Saddle-mode  operation  provides  Tnaximnni  displacement  with  minimum  load  bearing  capability  (<100  grams);  and 
therefore,  should  only  be  considered  for  special  applications.  It  can  also  be  seen  from  the  figure  that  there  is  a  thickness- 
dependent  mixed  mode  region  separating  the  other  two  modes.  Replotting  the  data  (in  the  dome-mode  region)  as 
displacement  vs.  1/thickness^  reveals  a  near  linear  relationship  and  demonstrates  that  the  displacement  is  inversely 
proportional  to  the  square  of  the  wafer  thickness  as  shown  in  Figure  10. 


Figure  10.  Replot  of  data  from  the  dome-mode  region  of  Figure  9  for  Rainbow  1/53/47 


The  dependence  of  the  axial  displacement  of  a  Rainbow  wafer  on  its  diameter  is  shown  in  Figure  11  where 
displacement  is  plotted  against  the  wafer  diameter  squared.  As  can  be  seen,  an  excellent  linear  relationship  is  obtained. 


Wafer  Diameter^  (mm)* 


Figure  1 1.  Axial  displacement  of  Rainbow  PLZT  1/53/47  as  a  fimction  of  the  wafer  diameter  squared. 

Thus,  the  Hata  from  both  Figures  10  and  11  confirm  that  a  Rainbow  behaves  very  much  like  a  normal  bending  actuator 
according  to  the  equation: 


or,  in  general. 


y  =  3/2  *  dsi  »  dVt^  *  V 
y  =  m  *  dVt^  *  V 
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where  y  is  the  axial  displacement,  dsi  is  the  lateral  piezoelectric  coefficient,  m  is  a  constant  (1  x  lO"^  umAO,  d  is  the  wafer 
diameter,  t  is  the  wafer  thickness  and  V  is  the  applied  voltage.  Maximum  displacement  is  accordingly  obtained  with  larger 
diameter  and  thiimer  wafers.  A  maximiim  displacement  of  3mm  at  an  operating  voltage  of  450  V  has  been  obtained,  to 
date,  with  a  single  Rainbow  wafer  having  a  diameter  of  100  mm  and  a  thickness  of  0.375  mm. 

The  effect  of  an  unconstrained  axial  point  load  on  the  displacement  of  an  activated  Rainbow  is  given  in  Figure  12  for 


Figure  12.  Concentrated  (point)  load-bearing  characteristics  of  Rainbow  PLZT  Compositions 

compositions  1/53/47  and  9/65/35.  PLZT  1/53/47  can  be  seen  to  be  relatively  ineffective  when  loaded  with  a  dead  weight  of 
1.5  kg  (3.3  lbs),  whereas,  composition  9/65/35  is  still  effective  at  a  load  of  over  3  kg.  This  result  is  not  too  surprising  since 
the  elastic  modulus  of  9/65/35  (10.9  xlO'*  MPa)  is  noticeably  higher  than  that  of  1/53/47  (7.8  x  10^  MPa).  Another  point  to 
note  from  the  figure  is  the  increase  in  displacement  with  the  introduction  of  a  finite  amount  of  load  on  the  device.  This 
effect  was  previously  reported  by  Furman,  et  al.,*  and  is  believed  to  be  due  to  the  lowering  of  the  stiffiiess  of  the  ceramic 
when  the  ferroelectric  phase  is  field  enforced.  This  decrease  in  elastic  modulus  with  field  leads  to  an  increased  flattening  of 
the  wafer  under  load;  however,  when  the  field  is  removed,  the  material  become  stiffer  again  and  the  original  height 
(curvature)  of  the  wafer  is  restored.  This  phase  transformation  effect  leads  to  a  increased  range  of  displacement  up  to  an 
amount  of  loading  which  can  be  readily  accommodated  by  the  wafer  without  the  electric  field.  As  a  fimction  of  frequency, 
9/65/35  is  also  superior  to  1/53/47  in  that  its  displacement  is  relatively  constant  from  0. 1  Hz  to  several  hundred  Hertz. 

Another  concern  of  actuator  designers  is  the  amount  of  force  that  can  be  generated  by  an  actuator  when  voltage  is 
applied.  This  is  shown  in  Figure  13  for  a  1/53/47  Rainbow  of  standard  size.  As  can  be  seen,  the  force  generated  is  a  linear 


Figure  13.  Effect  of  applied  voltage  on  the  force  generated  by  a  PLZT  1/53/47  Rainbow  wafer. 
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function  of  voltage  until  the  onset  of  saturation  for  this  particular  configuration.  A  maxinnun  force  of  1.3  kgf  was  achieved 
at  450  volts. 

3.5  Rainbow  stacks  and  arrays 

Previous  work  on  high  displacment  Rainbow  actuators  has  shown  that  they  possess  the  capability  to  be  configured 
into  linear  gtarlfc  for  higher  displacement  devices  or  into  larger  area  arrays  for  actuator/sensor  functional  components.  The 
stacking  arrangement  consisted  of  linearly  cascading  several  Rainbow  elements  together  in  multiple  groups  of  two  in  a 
r.lamghell  arrangement  and  then  bonding  these  clamshells  together  into  a  single  unit.  Sending/receiving  arrays,  on  the 
other  band  were  individually  placed  side-by-side  (sandwiched  between  to  thin  layers  of  ductile  metal  foil  and  bonded 
together  with  conductive  Ag  epoxy)  in  order  to  maximize  their  area  while  minimizing  their  thickness.  Thus,  stacks 
consisted  of  Rainbows  arranged  mechanically  in  series  and  electrically  in  parallel  while  arrays  were  Rainbows  arranged 
both  mechanically  and  electrically  in  parallel.  Individually  addressed  elements  in  some  of  the  arrays  were  achieved  by 
employing  a  matrix  scheme  wherein  separate  bottom  electrodes  made  up  the  rows  and  separate  top  el^odes  were  the 
colimms.  Operation  of  a  single  Rainbow  was  then  obtained  by  applying  voltage  between  a  row  and  colurrm  electrode. 
Typical  examples  of  stacks  and  arrays  are  shown  in  Figure  14. 


Figure  14.  Examples  of  (A)  Rainbow  stacks  and  a  Rainbow  array  showing  (B)  the  individual  Rainbow  elements  before 
applying  the  top  metal  foil  and  (C)  completed  smart  skin  array  1.25  mm  thick. 


The  characteristics  of  the  PLZT  Rainbow  stacks  were  evaluated  as  a  function  of  wafer  thickness,  wafer  diameter, 
point  load-bearing  capability  and  unipolar  or  bipolar  voltage  displacement.  These  data  are  given  in  Figure  15.  First  it  can 


Type 

65650>.Q20-1.25^y 
SS6S0-.Q20-1 .25-1 Q80g-y 
10530-.Q20-1.25-0g-y 
10530-.Q20-1.2S-09-yr 
10530-.025-1.25<lQ-y 
10530-.025-1.2S-09-yr 
10530-.a20-1.20-0g-y 
10530-.020-1.20-09-yr 
10530-.Q20'1.20-1090g-y 
1 0530-. 020-1 .20-1 0009-yr 
1C630-.020-0.5-0ff-y 
1053&-.Q20-0.5-09-yr 


Figure  15.  Displacement  characteristics  of  various  types  of  eight-unit  Rainbow  clamshell  actuators.  Type  legend; 

composition/wafer  thickness  in  inches/wafer  diameter  in  inches/point  load  in  grams/bipolar  (yr)  or  unipolar  (y) 
voltage  displacement. 

be  seen  that  bipolar  operation  always  achieves  higher  displacement  by  at  the  expense  of  higher  non-linearity;  secondly,  in 
unipolar  operation  the  8.5/65/35  material  achieved  higher  displacements  and  could  sustain  higher  loads  than  the  1/53/47 
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material;  however,  in  bipolar  operation  the  1/53/47  was  superior  in  terms  of  displacement;  and  thirdly,  small  compact 
actuators,  12.7  mm  dia.  x  24  mm  long,  were  capable  of  achieving  moderate  displacements  (308  um)  under  modest  loads  of 
1  kg.  or  less.  In  general,  total  displacements  were  found  to  scale  linearly  with  the  number  of  individual  Rainbow  elements. 
In  regard  to  the  arrays,  several  different  Rainbow  arrays  consisting  of  up  to  42  Rainbow  elements  were  evaluated 

4.0  APPLICATIONS 

A  number  of  examples  of  applications  are  given  in  this  section  in  order  to  demonstrate  the  versatility  of  the  Rainbow 
technology.  These  working  models  are  essentially  discrete,  proof-of-principle  devices  which  require  further  engineering, 
design,  miniaturization  and  modifications  in  order  for  them  to  be  suitable  for  hybrid  microelectronics  or  integrated 
structures.  A  number  of  advantages  and  features  of  the  Rainbows  are;  (1)  simplicity,  (2)  solid-state,  (3)  monolithic,  (4) 
pre-stressed  for  greater  strength  and  durability,  (5)  can  sustain  or  generate  moderate  loads,  (6)  surface  mountable,  (7)  very 
high  axial  displacement,  (8)  above-the-plane  displacement,  (9)  no  bonding  layers,  (10)  temperature  compensarion  possible, 
(11)  can  be  stacked  to  multiply  displacement  and  (12)  can  be  fabricated  into  large  area  arrays. 
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Figure  16.  Examples  of  working  model  devices  usmg  Rainbow  ceramics  as  actuators 

The  Rainbow  devices  shown  in  Figure  16  are  typical  examples  of  a  number  of  applications  envisioned  for  this 
technology.  As  can  be  seen,  they  range  from  actuators  to  speakers,  and  remote  handlers  to  pumps.  A  more  extensive  list 
of  applications  include  (1)  linear  actuators,  (2)  cavity/piston  pumps,  (3)  loud  speakers,  (4)  reciprocating  motors,  (5) 
relays/switches/thermostats,  (6)  sensors,  (7)  hydrophones/hydroprojectors,  (8)  variable-focus  mirrors/lenses,  (9)  optical 
deflectors/scanners,  (10)  vibrating  delivery  systems,  (11)  liquid  delivery  systems,  (12)  antivibration/noise-cancelling 
devices,  (13)  sonic  and  ultrasonic  devices  and  (14)  auto-leveling  platforms. 


5.  CONCLUSIONS 


The  prospects  for  utilizing  Rainbows  in  discrete  hybrid  and  integrated  microelectronics  are  promising  for  future 
applications  involving  smart  ceramics  such  as  ferroelectrics,  piezoelectrics,  electrostrictive  and  antiferroelectric  materials. 
Rainbows  have  opened  up  a  new  dimension  in  high  displacement  actuators.  The  key  to  adapting  these  materials  to  specific 
devices  and  applications  is  the  manner  in  which  answers  are  found  to  questions  concerning  their  reproducibility,  reliability, 
longevity  and  cost  effectiveness.  Further  development  and  design  work  are  obviously  needed  in  order  to  answer  these 
questions. 
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ABSTRACT 

We  have  fabricated  multilayer  electromechanical  composites  with  controlled  piezoelectric  coefficient  distributions 
using  tape  casting.  Tapes  of  doped  lead  zirconate  titanate  were  cut  and  stacked  in  accordance  with  their  characteristic 
electromechanical  coupling  values  and  modulus  of  elasticity.  This  technique  is  an  extremely  versatile  method  to  fabricate 
displacement  actuators  to  fabricate  monolithic  ceramic  parts  with  controlled  material  property  gradients.  To  obtain  a 
quantifiable  method  to  optimize  this  type  of  transducer,  we  have  devised  a  processing  model.  Given  the  functional 
distribution  of  the  electromechaiucal  coupling  coefficient,  dsi,  and  the  functional  distribution  of  elastic  modulus  through  the 
thickness  of  the  transducer,  the  analysis  predicts  the  displacement  as  a  function  of  loading.  The  tape  casting  method 
coupled  with  the  model  provides  an  actuator  that  maximizes  displacement  and  generated  force  for  the  given  material 
properties. 

Keywords:  actuator,  multilayer,  piezoelectric,  tape  casting 


1.  INTRODUCTION 

There  has  been  a  continuous  effort  to  improve  piezoelectric  actuator  systems  so  that  simultaneously  large 
displacements,  on  the  order  of  hundreds  of  microns,  can  be  obtained  while  subjected  to  large  forces,  on  the  order  of 
Newtons.  Two  recently  developed  piezoelectric  actuators,  moonies'  and  rainbows,^  have  made  significant  improvements  in 
obtainable  displacements  and  generated  forces.  Both  contain  a  shell-like  structure  and  obtain  large  axial  displacements  at 
the  apex  of  the  shell  through  bending  stresses.  We  focus  on  the  rainbow  and  seek  ways  to  improve  the  displacement  and 
load  bearing  properties. 

Rainbows  achieve  their  bending  stress  from  a  variation  in  the  dsi  value  of  electromechanical  coupling  across  the 
thickness  of  the  actuator.  The  gradient  in  dsi  is  obtained  by  selectively  reducing  one  side  of  a  plate  (with  respect  to  oxygen 
content).  Rainbows,  although  achieving  large  displacements  while  sustaiiung  moderate  loads,  are  limited  from  a  processing 
standpoint.  Chemical  reduction  produces  only  one  functional  gradient  in  electromechanical  properties  across  the  thickness 
of  the  actuator.  The  resulting  functional  gradient  does  not  follow  the  theoretically  expected  hyperbolic  tangent  diffusion 
relation,  but  contains  a  pre-reduction  zone.^  The  grain  boundaries  within  the  intermediate  pre-reduction  zone  are  modified 
by  the  reduction.  We  present  a  processing  scheme  that  can  customize  an  actuator  for  a  given  function,  by  providing 
considerable  control  over  the  material  property  gradients.  Our  approach  permits  sharp  functional  gradients  that  are  not 
severely  altered  by  solid  state  diffusion.  “ 

Utilizing  the  benefits  of  creating  displacement  through  a  transverse  bending  stress,  we  started  to  process  transducer 
plates  with  dsi  variations  made  by  the  tape  casting  method.  This  versatile  fabrication  route  produces  25  to  60  |j.m,  uniform 
sheets  of  lead  zirconate  titanate  (PZT),  that  serve  as  the  building  block  of  the  actuator.  Individual  sheets  of  piezoelectric 
material  can  be  stacked  according  to  different  material  properties.  We  have  developed  a  computational  model  that  serves  as 
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a  useful  guide  in  the  processing.  The  analysis  supplies  quantified  design  characteristics  to  produce  a  transducer  with  the 
greatest  displacement  and  load  bearing  abilities  for  the  given  material  constants.  Incorporating  this  information  with  the 
tape  cast  processing  strategy,  we  can  produce  “tailor-made”  actuators. 


2.  PROCESSING  OF  TRANSDUCERS 

Tape  casting  is  frequently  utilized  in  the  electronics  industry  for  a  variety  of  applications.  Thin,  uniform  tapes  can  be 
made  with  ceramic  contents  that  exceed  50  volume  percent.  This  process  is  a  natural  choice  for  the  fabrication  of  materials 
with  functional  gradients.  We  have  made  stable  suspensions  of  various  PZT  powders  that  have  dsi  values  ranging  from 
-262  X  10'’^  to  -3  X  10'^^  ra/V.^  The  mixing  of  different  powders  allows  the  creation  of  a  continuous  array  of  properties. 

An  outline  of  the  process  is  shown  in  Fig.  1.  The  suspensions  are  mixed  with  polymers  and  an  appropriate  solvent. 
The  polymers  provide  mechanical  integrity  and  flexibility  to  the  tape.  A  flat  doctor  blade  sweeps  the  liquid  mixture  across  a 
substrate.  Within  several  minutes  the  cast  tape  is  dried,  cut,  and  separated  from  the  backing.  Any  desired  shape  could  be 
stamped  from  the  tapes,  but  preliminary  experiments  use  simple  rectangular  and  circular  pieces.  The  material  is 
subsequently  stacked  in  the  desired  order.  Heat  and  pressure  make  the  stacked  structure  into  a  laminated  monolith  by  inter- 
diffusing  the  long  chain  polymers  across  adjacent  tapes. 

During  the  sintering  step,  the  discrete  layers  create  a  fully  dense 
monolith  without  the  aid  of  external  pressure,  producing  a  multilayer 
electromechanical  composite  with  a  “custom  made”  piezoelectric 
coejBficient  distribution.  We  should  preface  here  that  the  piezoelectric 
coefficient  distribution  within  the  sintered  specimen  will  be  slightly 
different  from  that  of  the  unsintered  piece,  due  to  diffusion  of  the  PZT 
dopants.  This  would  result  in  a  smoothing  of  any  sharp  material 
property  interfaces,  as  observed  by  Wu,  et  al.  at  the  Naval  Research 
Laboratory.®  Wu,  et  al  noticed  that  a  dopant  used  to  alter  resistivity 
diffused  to  produce  a  continuous,  nearly  linear  gradient  across  the 
actuator  thickness.  With  our  approach  of  varying  the  PZT  powders, 
our  chemical  analysis  by  energy  dispersive  spectroscopy  shows  that 
sharp  material  property  interfaces  remain  after  sintering.''  This 
technique  provides  a  predictable  control  of  material  property 
distributions  enabling  the  desired  green  structure  to  remain  after 
sintering.  The  following  sections  describe  why  control  is  so 
important  to  actuator  performance. 

3.  MODELING  FOR  FLEXTENSIONAL  TRANSDUCERS 

The  following  is  a  model  that  we  are  currently  using  to  guide  our  fabrication.  This  multilayer  thin  plate  model 
provides  insight  on  the  key  phenomena.  The  theory  is  a  natural  extension  to  tape  cast  processing.  First,  we  define  a 
multilayer  laminate  composed  of  “n”  layers.  Each  layer  has  defined  values  for  the  modulus  of  elasticity,  the 
electromechanical  coupling  value  of  dai,  and  the  thickness. 

The  effect  of  the  electromechanical  coupling,  dss  is  assumed  insignificant.  In  the  case  that  the  length  of  the  actuator  is 
large  relative  to  the  thickness,  this  assumption  is  true.  The  model  is  limited  to  the  linear  region  of  displacement  vs.  voltage 
relationship.  Finally,  the  present  analysis  uses  the  beam  geometry  of  which  bending  effects  along  the  width  are  neglected. 
For  a  transducer  that  is  much  longer  than  it  is  wide,  this  assumption  will  not  introduce  appreciable  error.  For  the  case  that 
the  width  of  the  plate  is  comparable  to  the  length,  the  model  can  be  generalized  to  include  the  contribution  from  the  whole 
dimension. 

This  section  borrows  ideas  from  a  recent  publication  by  Shih,  et  al?  Shih,  et  aVs  two  layer  model  is  made  more 
general  to  include  many  thin  layers  that  can  closely  approximate  a  continuum.  We  examine  the  specific  case  of  placing  a 
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Figure  1 :  Outline  of  the  processing  steps 
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distributed  force  that  spans  the  width  of  the  transducer  at  the  length’s  mid-point  and  finding  the  resulting  displacement  at 
this  location.  Figures  2  and  3  define  the  geometry.  There  are  two  boundary  conditions  that  must  be  satisfied: 

(i)  The  sum  of  the  bending  stress  must  equal  zero. 


(ii)  the  sum  of  the  lateral  stresses  equals  zero, 


x=i 


(2) 


We  solve  for  tnp  and  c,  where 


n  -  total  number  of  layer, 

z  =  distance  from  to. 

4=  the  position  at  the  top  of  layer  x, 

=  modulus  of  elasticity  of  layer  x, 

diu  =  the  dsi  value  of  layer  x, 

s  =  the  electric  field, 

=  the  position  of  the  neutral  plane, 

r  =  the  radius  of  curvature, 

c  =  the  constrained  in  plane  strain, 

U  =  the  position  at  the  bottom  of  the  first  layer, 

L  =  length  of  the  beam 

which  is  taken  as  the  origin. 

E  =  modulus  of  elasticity 

I  =  moment  of  inertia 

V  =  deflection  of  the  beam 

b  =  width  of  beam 

F  =  distributed  force  along  mid-point 

X  =  position  on  the  actuator. 

Following  the  fundamental  equation  of  beam  theory: 

d^V  M 
dx^  ~~  EV 


(3) 


the  displacement  is  expressed  as  a  function  of  the  bending  moment. 
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Using  the  results  from  Eqs.  (1)  and  (2),  we  have  values  for  tnp  and  c.  The  bending  moment  generated  from  the 
piezoelectric  effect  is  calculated  as  follows: 


n  j 
x=l 

The  displacement  of  a  point  on  the  actuator  can  be  calculated  from  substituting  (3)  into  (4),  and  is  shown  below: 

EIv(x)  =  yP  -  Lx)  -  for  0  <  x  <  ^ 

The  product  of  elastic  modulus  and  moment  of  inertia  of  a  laminated  composite  can  be  calculated  as: 

x  =  l  '*-> 


(4) 


(5) 


(6) 


Simplifying  the  above  analysis  to  a  two  layer  composite  without  a  load,  yields  exact  agreement  with  Timoshenko’s 
analytic  model  of  bi-metal  thermostats.® 


4.  RESULTS 

The  following  three  examples,  Figs.  4,  5,  and  6,  display  different  functional  variations  of  dsi  across  the  thickness  of 
the  actuator.  Figure  7  compares  the  results.  Figures  4,  5,  and  6,  are  a  step  function,  linear  function,  and  diffused  step 
function,  respectively.  Each  type  of  actuator  has  a  graph  that  displays  the  relationship  between  displacement  and  generated 
force  along  with  the  corresponding  work  imder  these  conditions.  The  following  conditions  were  held  constant  for  each 
sample  calculation; 

(i)  length  =  25.4  mm,  width  =  12.7  mm,  thickness  =  0.6  mm, 

(ii)  modulus  of  elasticity  is  constant  at  6.4xl0’®  N/m^, 

(hi)  voltage  drop  =  -500  V;  producing  an  electric  field  =  -8.3  x  10^  V/m, 

(iv)  variation  is  dsi  from  maximum  to  minimum  absolute  value  is  167x  10"’^  mA^,  and 

(v)  the  plane  of  neutral  stress  is  constant  at  the  center  of  the  thickness  =  0.3  mm. 

A  nxuriber  of  important  design  criteria  were  obtained  from  the  modeling  of  the  transducers.  An  actuator  that  moves  a 
large  distance  while  supporting  a  large  load  is  more  desirable.  Typically  this  quantity,  the  maximum  amount  of  obtainable 
work  for  a  given  electric  field,  provides  a  value  to  judge  the  usefulness  of  a  given  actuator.  The  following  are  the  conditions 
for  the  axial  dsi  distributions  that  optimize  the  obtainable  work: 

(i)  maximize  the  difference  between  the  dsi  values  of  the  top  and  bottom  layers, 

(ii)  a  step-wise  distribution  of  dsi  is  the  optimal  functional  distribution,  and 

(hi)  place  the  steepest  part  of  the  slope,  or  the  step  in  dsi  on  the  plane  of  neutral  stress. 

Condition  (i)  is  trivial  and  needs  no  explanation.  Condition  (ii)  is  verified  by  Table  1.  Condition  (hi)  can  be  obtained 
analytically  by  maximizing  M  in  Eq.  (5).  The  maximum  generated  moment  is  obtained  only  when  the  plane  of  neutral 
stress  lies  on  the  interface  of  the  two  layers.  The  computational  model,  outlined  above,  will  verify  condition  (hi)  for  the 
functional  form  of  the  gradient  in  dsi  that  is  displayed  in  Fig.  6. 

The  step  function  is  shown  to  be  the  optimal  design  to  achieve  maximum  amount  of  work.  However  this  dai  profile  is 
not  readily  achievable  with  om  process,  due  to  diffusion  of  the  PZT  dopants  at  sintering  temperatures.®  We  expect  a  dsi  that 
more  closely  approximates  the  diffused  step  function  shown  in  Fig.  6. 
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5.  CONCLUSIONS 


The  tape  casting  method  to  fabricate  multilayer  electromechanical  composites  with  controlled  piezoelectric  coeiHicient 
distributions  has  been  demonstrated.  “Tailor-made”  actuator  designs  can  be  accomplished  to  achieve  the  optimal 
displacement  and  load  bearing  properties.  A  computational  model  has  been  developed  to  guide  the  processing  for  given 
material  constants  and  comparisons  between  different  designs  can  be  made  and  judged  without  the  need  for  numerous 
experiments  and  testing.  A  step  functional  variation  of  dsi,  with  the  interface  placed  on  the  plane  of  neutral  stress  has  been 
shown  to  be  the  optimized  arrangement.  The  tape  casting  method  is  a  processing  method  that  is  well  suited  to  ensure  that 
these  design  requirements  are  made  with  a  high  degree  of  accuracy. 
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Figure  4:  Step  function  in  dsi,  with  accompanying  displacement  and  work  vs.  force  diagram. 


Figure  5:  Linear  function  in  dai,  with  accompanying  displacement  and  work  vs.  force  diagram. 
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Figure  6:  Diffused  step  function  in  dsi,  with  accompanying  displacement  and  work  vs.  force  diagram. 


Step  Function 

Linear  Function 

Diffused  Step 
Function 

Displacement  at  zero  load 

28.1  |im 

20.6  pm 

25.8  pm 

Force  at  zero  displacement 

1.20  N 

0.88  N 

LION 

Maximum  amount  of 
obtainable  work 

8.43x10'*  J 

4.54x10'*  J 

7.12x10'*! 

Table  1;  Outline  of  results  from  Figs.  4,  5,  and  6. 
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ABSTRACT 

The  design  of  ferroelectric/piezoelectric  smart  structures  is  limited  by  the  accuracy  to  which  the  material  ,  properties  of  the 
sensor/actuator  materials  are  determined.  In  particular,  it  is  important  to  understand  the  effects  of  losses,  dispersion,  and 
the  non-linearities  that  become  significant  when  large  fields  are  applied.  This  paper  presents  the  small  signal  properties, 
including  losses  of  Motorola  PZT  3203  HD,  a  typical  piezoelectric  material ,  and  it  reports  on  the  field  dependence  of  the 
material  constants  for  large  electric  fields.  A  set  of  PZT  3203  HD  unloaded  resonators  manufactured  by  Motorola  was  cut 
to  specifications  outlined  in  the  IEEE  Standard  on  Piezoelectricity  Std  176-1987,  to  ensure  the  appropriate  boundary 
conditions  of  each  resonance  mode.  Quasi-static  measurements  were  performed  on  some  of  the  samples  at  various  field 
levels  above  and  below  the  coercive  field  of  tlie  material.  The  impedance/admittance  spectra  of  the  resonators  were 
measured  for  different  values  of  the  DC  bias  field.  In  both  cases  the  average  slope  as  a  function  of  field,  which  is  a  measure 
of  the  piezoelectric  or  the  dielectric  constant,  was  found  to  increase  linearly  with  the  maximum  field  applied.  The  values  of 
the  material  constants  determined  from  the  DC  biased  spectra  were  found  to  be  smaller  by  a  factor  of  4-6.  This  is  attributed 
to  differences  in  the  nature  of  the  measurements.  The  quasistatic  measurements  are  done  at  high  field  and  low  frequency 
and  involve  irreversible  domain  switching.  The  DC  bias  measurement  is  at  high  frequency  and  the  AC  measurement  field 
is  much  smaller  and  the  domain  motion  is  reversible. 

Keywords:  Hysteresis,  piezoelectric  material  constants,  non-linearities,  field  dependence,  PZT,  reduced  matrix 

1.  INTRODUCTION 


There  are  a  wide  variety  of  conditions  under  which  piezoelectric/ferroelectric  materials  can  be  characterized.  The 
usefulness  of  these  various  techniques  depends  largely  on  the  application  for  tire  material.  Quasistatic  techniques  are  useful 
in  characterizing  the  properties  of  actuators.  In  the  characterization  of  actuators,  for  example,  a  field  is  applied  at  various 
levels  and  the  resultant  strain  is  monitored  as  the  field  is  increased  and  decreased.  For  a  typical  ferroelectric  material  a 
measurable  hysteresis  is  noticed  in  tlie  resultant  strain  which  is  due  to  reversible  and  irreversible  domain  wall  motion  in  the 
material.  A  qualitative  look  at  the  effect  of  domains  on  the  strain  field  curves  is  shown  in  Figure  1.  Under  a  large  field  the 
180“  and  90°  domain  walls  move  to  maintain  a  minimum  in  the  domain  energy.  Contributions  from  the  electrostatic  and 
domain  wall  energies  counteract  each  other  and  the  underlying  domain  structure  (size,  shape  and  population)  changes.  In 
the  process  some  of  the  domains  engulf  other  domains  or  change  shape  irreversibly  which  contributes  to  the  net  strain  and 
polarization. 

Ferroelectric  ceramics  are  also  frequently  characterized  by  resonance  measurements  as  outlined  in  the  IEEE 
Standard  on  Piezoelectricity  Std-176-1987.  A  small  AC  signal  couples  to  the  piezoelectric  coefficient  to  excite  a  strain 
wave  in  the  material.  At  a  critical  frequency  determined  by  the  sample  dimensions  a  resonance  occurs.  These  resonances 
are  determined  experimentally  by  monitoring  the  electrical  impedance  or  admittance  of  the  sample  as  a  function  of  the 
frequency.  The  measurement  is  very  practical  in  that  the  elastic,  dielectric,  and  piezoelectric  constants  can  be  determined 
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Figure  1:  The  relationship  between  the  reversible  and  irreversible  domain  motion  and  the  resultant  strain 
or  dielectric  displacement  as  a  function  of  the  electric  field.  A  portion  of  the  smaller  slope  of  the  small 
AC  field  may  be  due  to  dispersion.  A  small  hysteresis  may  also  be  present 


from  one  measurement.  Since  the  measurement  signal  is  small,  the  excursions  of  the  domain  walls  are  small  and  the 
domain  walls  vibrate  reversibly.  The  onset  of  irreversibility  for  3  compositions  of  ferroelectric  PZT  materials  has  been 
studied  by  Zhang  et.al.'  They  found  that  each  material  had  a  plateau  region  where  the  dielectric  permittivity  and  the 
piezoelectric  constant  were  independent  of  field.  They  attribute  this  field  independence  to  reversible  domain  motion. 
Since  the  field  of  the  AC  signal  is  well  below  the  critical  fields  of  the  plateau,  it  is  clear  that  the  small  signal  resonance 
measurement  is  actually  a  measurement  of  the  reversible  domain  motion.  For  a  biased  resonator  we  are  determining  the 
reversible  dependence  at  the  bias  field  level.  These  curves  however  still  have  a  hysteresis  associated  with  them  due  to 
irreversible  changes  in  the  underlying  domain  structure  due  to  the  bias  field. 
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2.  QUASI-STATIC  MEASUREMENTS 


It  has  been  known  for  some  time  now  that  the  linear  model  of  piezoelectricity  could  not  explain  some  of  tlie 
behavior  of  piezoelectric  materials  and  the  non-linear  behavior  has  been  studied  by  a  variety  of  authors.  Berlincourt  and 
Kruegar^  and  Woolett  and  Leblanc^  looked  at  the  general  aspects  of  non-linearity  as  a  function  of  stress  and  field  while 
Krueger'' Brown  and  McMahon*-®,  Fritz'®  and  Cao  and  Evans"  studied  the  stress  dependence  of  the  dielectric 
elastic,  and  piezoelectric  properties  of  piezoelectric  ceramics. 

The  majority  of  the  studies  quoted  above  were  done  under  quasi-static  conditions  where  a  stress  ramp  or  an  electric 
field  is  applied  over  some  time  and  the  properties  are  monitored  as  a  function  of  the  stress  or  electric  field.  One  of  the 
representations  of  the  linear  equations  of  piezoelectricity  is 

=  s^T  -f 

P  P^  ^  ^ 

(1) 

£)„  =  -I-  dT„ 

m  mn  n  pfn  p 

where  S,  T,  E,  D  are  the  strain  stress,  electric  field  and  the  dielectric  displacement  respectively.  The  constants  s^,  e^,  d  are 
the  elastic  compliance,  dielectric  permittivity  and  the  piezoelectric  constant  respectively.  The  subscripts  on  the  material 
coefficients  designate  the  direction  with  respect  to  the  poling  direction  of  the  piezoelectric  ceramic.  In  the  case  of  a  length 
extension  in  the  poling  direction  all  the  subscripts  shown  in  (1)  would  be  3.  The  equations  shown  in  (1)  are 
phenomenological  equations  derived  from  thermodynamic  potentials.  The  majority  of  quasistatic  measurements  use  these 
equations  as  a  starting  point  to  interpret  the  results  of  quasistatic  measurements.  There  is  an  experimental  condition  that 
can  be  imposed  to  simplify  the  measurement.  It  can  be  seen  in  equation  (1)  that  if  the  stress  is  set  to  zero  (sample  free  to 
expand),  the  equations  in  (1)  are  uncouple  and  the  strain  and  dielectric  displacement  can  be  monitored  as  a  function  of  the 
electric  field.  The  uncoupled  relationships  are  shown  in  Table  1. 

Table  1:  The  quasi-static  measurements  that  can  be  made  in  the  33  and  31  direction  (along  the  poling 
axis)  on  a  piezoelectric  material  with  the  stress  set  to  zero 


Linear  Equations 

Boundary  Condition 

Simultaneous 

Equations 

*^3  ~  -^33^  ^33-^3 

T3  =  0  (undamped) 

S3  =  d33E3 

D3=4E3 

D3  =  EjjEj  -I- 

Apply  Es-Measure  S3  and  D3 

S,  =  sf,T,+d,,E, 

Ti  =  0  (undamped) 

Si  =  disEs 

D3=4E3 

A  =  S33^3+^13m^ 

Apply  Es-Measure  Si  and  D3 

The  hysteresis  loops  for  the  Motorola  3203  HD  material  are  shown  in  Figure  2.  The  curves  exhibit  the  typical 
hysteresis  behavior  for  a  ferroelectric  material.  The  dielectric  displacement  saturates  at  high  fields.  The  value  of  the  charge 
on  the  surface  is  dependent  on  the  prior  field  on  the  sample  and  a  saturated  hysteresis  loop  is  shown.  The  strain  has  the 
more  complicated  butterfly  shape  that  is  indicative  of  domain  switching.  The  shape  of  both  these  curves  is  dependent  on  the 
size  and  change  in  the  field.  The  field  was  c>'cled  up  to  2  MV/m  and  down  to  -2  MV/m  in  steps  of  0. 14  MV/m.  On  the 
strain  versus  electric  field  curve  the  useful  piezoelectric  region  is  near  the  center  of  the  curve  where  the  graph  is  seen  to 
make  an  X  shape.  This  X  shape  is  due  to  two  anti-parallel  polarities  that  are  allowed  for  this  material.  The  slopes  of  each 
line  of  the  X  shape  at  zero  field  are  the  piezoelectric  constants  for  each  polarity.  This  value  is  not  the  same  as  the  small 
signal  piezoelectric  constant  determined  from  resonance  data  since  a  large  portion  of  the  strain  is  due  to  irreversible 
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Figure  2.  The  quasistatic  field  dependence  of  the  strain  Figure  3.  The  quasistatic  field  dependence  of  the  strain 

S3,  dielectric  displacement  D3,  and  strain  Si  as  a  function  S3,  dielectric  displacement  D3,  and  strain  Si  as  a  function 

of  field  to  field  levels  above  the  coercive  field  of  field  to  field  levels  below  the  coercive  field.  Six  loops 

with  different  maximum  fields  are  shown 
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Figure  4.  The  quasistatic  field  dependence  of  the  effective  piezoelectric  constant  d33,  dn,  and  permittivity 
S33  as  a  function  of  field  up  to  field  levels  below  the  coercive  field.  The  slope  is  a  measure  of  the  higher 
order  material  coefficients. 


domain  motion  as  the  field  is  ramped  up  to  fields  above  the  coercive  field.  When  the  sample  is  poled  positively  and  a 
positive  field  is  applied  to  the  positive  electrode  the  sample  is  dilated.  When  the  sample  is  poled  negatively  the  same  field 
produces  a  contraction.  The  reason  that  both  slopes  are  seen  on  this  curve  is  that  the  maximum  (2  MV/m)  positive  and 
negative  applied  field  during  the  measurement  exceeds  the  coercive  field  (Ec  =  0. 5-1.0  MV/m)  during  the  measurement  and 
the  sample  polarity  is  reversed. 

The  dependence  of  the  piezoelectric  constant  on  the  field  is  apparent  in  the  strain  versus  electric  field  curve. 
Consider  the  curve  which  has  a  positive  slope  with  respect  of  the  electric  field.  As  the  field  is  increased  in  the  positive 
direction  the  slope  of  the  curve  which  is  a  measure  of  the  piezoelectric  constant  at  this  field  level  decreases.  Conversely  as 
the  field  in  the  negative  direction  is  increased  the  slope  increases  which  means  that  the  piezoelectric  constant  will  increase. 
The  change  in  slopes  is  therefore  directly  related  to  the  field  dependence  and  the  higher  order  material  constants  governing 
the  strain  in  the  material.  This  behavior  is  similar  to  what  is  measured  by  the  field  dependence  of  the  various  resonators. 
However  in  the  case  of  the  resonators  a  DC  field  is  applied  and  the  reversible  piezoelectric  constant  or  slope  is  measured  at 
the  DC  field  level  using  a  small  AC  signal.  The  other  obvious  difference  is  that  the  quasi-static  measurements  are 
performed  at  much  lower  frequencies  (mHz)  while  the  resonance  measurements  are  performed  in  the  (MHz)  frequency 
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range.  The  transverse  strain  hysteresis  curve  for  the  strain  Si  as  a  fiinction  of  the  electric  field  in  the  3  direction  is  shown  in 
the  lower  curve  of  Figure  2.  The  strain  change  during  polarization  reversal  is  opposite  to  the  strain  change  found  in  S3 
found  in  the  top  curve  of  Figure  2. 

Quasi-static  measurements  can  also  be  used  to  examine  the  non-linear  properties  of  these  materials  by  making 
measurements  at  field  levels  below  the  coercive  field.  These  measurements  represent  an  averaged  measurement  since  the 
strain  and  the  slope  is  determined  over  some  range  in  field.  However  from  the  point  of  view  of  an  actuator  designer  this 
may  be  appropriate  in  that  the  strain  level  as  a  function  of  the  field  is  the  relationship  of  interest. 

The  strain  S3  as  a  function  of  the  electric  field  for  a  rod  is  shown  in  Figure  3  for  6  different  field  levels.  The  slope 
and  the  hysteresis  increases  with  an  increase  in  the  field  range.  Similar  behavior  is  found  in  the  strain  Si  and  the  dielectric 
displacement  D3  as  a  function  of  the  electric  field  E3,  which  are  also  shown  in  Figure  3.  The  slope  of  these  curves  were 
determined  using  linear  regression.  The  hysteresis  was  ignored  in  the  analysis  of  the  slope.  The  slope  of  the  curves  show  in 
Figure  3  are  a  measure  of  the  average  piezoelectric  material  constant  and  permittivity  over  the  field  range.  The  values  of 

d33,  dxi,  and  £33  as  a  function  of  the  maximum  field  of  the  loop  are  shown  in  Figure  4.  The  relationship  is  seen  to  be 
linear.  The  quasi-static  electrostrictive  coefficients  q33  and  qu  were  determined  by  taking  the  derivative  of  the  c?33  and  d^ 
versus  maximum  electric  field  curves.  The  values  are  reported  in  Table  2  along  with  the  electrodielectric  constant 

determined  from  the  slope  of  the  £33  data  found  in  Figure  3.  It  should  be  noted  that  the  saturated  hysteresis  curves  shown 
in  Figure  2  can  be  used  to  predict  the  general  behavior  of  the  curves  shown  in  Figure  3.  Each  of  the  curves  that  produce  the 
X  shape  at  the  origin  of  the  strain  curves  can  be  represented  by  a  linear  and  quadratic  polynomial  as  a  function  of  the 
electric  field  (S=d33E+q33E^)  .  The  quadratic  component  is  the  electrostrictive  coefficient  q33  or  q^  and  is  related  to  the 
slope  of  the  curves  in  Figure  4  which  is  equal  to  twice  qss  or  qis.  The  dielectric  displacement  around  the  origin  at  the 
positive  and  negative  polarization  can  also  be  represented  by  a  function  of  the  form  D  =  £33E+(k33/2)E^  and  related  directly 
to  the  slope  of  the  permittivity  as  a  function  of  tlie  field  (see  Figure  4)  where  K33  is  the  second  order  dielectric  constant 
which  we  have  called  the  electrodielectric  constant.  These  relationships  predict  the  linear  relationship  between  the 
piezoelectric  constant  and  the  permittivity  as  a  function  of  the  field.  This  relationship  is  only  approximate  since  the  values 
shown  in  Figure  4  are  determined  from  an  average  slope  and  plotted  as  a  function  of  the  maximum  field  of  the  loop.  A  true 
differential  measurement  is  required  to  relate  tlie  two  curves  quantitatively.  It  should  also  be  noted  that  these  quasi-static 
measurements  are  for  zero  load. 


3.  RESONANCE  MEASUREMENTS 


Methods'^ for  characterizing  a  piezoelectric  material  based  on  the  IEEE  Standards  on  Piezoelectricity 
were  used  to  characterize  a  set  of  aged  Motorola  3203  HD  resonators.  These  methods  use  the  impedance  equations 
described  in  the  tf.ff  standard.  However  the  material  constants  are  defined  as  complex  to  account  for  losses.  The  length 


extensional  mode  is  described  by  an  equation  of  the  form 


Z  = 


ioAzt 


1-- 


0) 


(2) 


where  /  is  the  sample  length,  A  is  the  electrode  area,  ^.33 
coupling  constant,  the  complex  parallel  frequency  constant  is  defined  by 

fp = -  *33)  = [4 

and  the  complex  length  electromechanical  coupling  constant  is  defined  by 

«33  - 


£l  is  the  clamped  permittivity,  A33  is  the  complex  length  extensional 


(3) 


(4) 


The  equation  governing  the  resonance  of  the  length  thickness  extensional  mode  is 
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(5) 


Y(co)  = 


1-k 


( 

CO 

'TT' 

\4f. 


CO 

4?? 


where  t  is  the  sample  thickness,  A  =vt'iW2  is  the  electrode  area  with  w,  being  the  longest  lateral  dimension  of  the  electrode 
and  W2  being  the  smaller  lateral  dimension,  S33  is  the  complex  free  permittivity,  and  is  the  complex  length  thickness 
extensional  coupling  constant.  The  complex  series  frequency  constant  defined  by. 


(6) 


is  a  function  of  the  width  the  density  p  and  the  elastic  compliance  =- — 


The  DC  field  dependence  of  the 


length  thickness  extensional  and  length  extensional  modes  are  shown  in  Figures  5  and  6.  The  field  dependence  of  the 
small  signal  material  constants  is  primarily  linear.  These  curves  are  obtained  from  impedance  resonance  spectra.  Each 
point  represents  the  analysis  of  a  spectra  at  a  set  DC  bias.  The  slope  of  the  small  signal  material  constants  as  a  function  of 
the  field  is  shown  in  Table  2  along  with  the  slopes  obtained  from  the  quasi-static  measurements  below  the  coercive  field. 
The  values  obtained  from  the  quasi-static  curves  are  seen  to  be  4  to  6  times  greater  than  the  slope  obtained  from  the  biased 
resonance  spectra.  The  difference  is  these  values  can  be  explained  in  terms  of  the  reversible  and  irreversible  domain  wall 
motion  in  the  ferroelectric  material  and  the  different  measurement  frequencies  as  is  shown  in  Figure  1. 


Table  2:  The  electrostriction  and  electrodielectric  constants  determined  from  the  quasi-static  and  DC 
biased  resonance  spectra. 


Non  linear  Coefficient 
Real  Part 

Quasi-static 

Maximum  EDc=0.39MV/m 
f<  mHz 

Length  thickness 
Resonator  Maximum 
EDc=0.39MV/m 
f =72  kHz 

Length 

Resonator  Maximum 
EDc=0.016MV/m 
f  =572  kHz 

K^(FnvV) 

7.3x10'^^ 

1.8x10'''' 

1.4x10'''' 

q,  (mW^) 

9.5x10''® 

N/A 

1.4x10''® 

3.1x10''® 

5.0x10''’ 

N/A 

The  complete  reduced  piezoelectric,  elastic,  and  dielectric  matrix  (C„  symmetry)  for  the  Motorola  3203  HD  material  is 
presented  in  Table  3.  The  material  constants  including  losses  were  determined  from  the  length  extensional,  length 
thickness  extensional,  thickness  shear,  radial  and  thickness  modes.  The  value  of  sfj  was  calculated  using  the  equations 
presented  by  Smits’^  and  by  matrix  inversion  and  the  results  are  shown  in  Table  3.  The  measurements  for  each  mode  were 
performed  on  4  different  resonators  with  the  same  geometry  and  aspect  ratios.  The  standard  deviations  are  reported  in 
Table  3  as  a  percentage  of  the  average  value  for  each  material  coefficient.  The  electromechanical  coupling  is  also  reported 
in  Table  3.  These  values  are  determined  from  the  fundamental  resonance  for  each  mode.  The  frequency  of  measurement  is 
reported  for  each  value.  The  value  of  the  material  constant  may  differ  slightly  depending  on  the  frequency  of  measurement 
due  to  dispersion  in  the  material  properties. 
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Figure  5  The  length  thickness  mode  material  constants  (sf, ,  S33,  4,3)  of  Motorola  3203HD  as  a 
function  of  the  DC  bias  field.  The  DC  bias  was  stepped  up  to  ±0.39  MV/m.  The  bias  field  is  applied 
parallel  to  the  poling  direction  for  this  mode.  The  linear  portion  of  the  field  dependence  is  shown  as  a 
straight  solid  line.  The  curves  show  hysteresis.  The  linear  field  dependence  is  the  result  of  a  higher 
quadratic  coefficient. 
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Figure  6.  The  length  extensional  mode  material  constants  (sfj,  S33,  djj)  of  Motorola  3203HD 
determined  from  the  second  resonance  as  a  function  of  the  DC  bias  field.  The  DC  bias  was  stepped  up  to 
±0.016  MV/m.  The  bias  field  is  applied  parallel  to  the  poling  direction  for  this  mode.  The  linear  portion 
of  the  field  dependence  is  shown  as  a  sUaight  solid  line.  The  large  scatter  is  due  to  the  decrease  in 
sensitivity  of  the  measurement  at  lower  field  levels.  The  difference  in  the  zero  field  values  determined 
from  the  curve  above  and  the  values  listed  in  Table  3  are  due  to  dispersion. 
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Table  3;  The  reduced  matrix  of  Motorola  3203HD  PZT  including  the  electromechanical  coupling 
determined  at  the  fundamental  resonance  of  each  mode 


Material 

Constant 

Mode 

Frequency 

(kHz) 

Value 

% 

Standard 

Deviation 

Real 

Imag 

Real 

Imag 

sfi  (m^/N)xlO-“ 

LTE 

71.5 

1.56 

-0.030 

0.63 

5.2 

sf,  (m^/N)xlO-“ 

RAD 

150.9 

1.55 

-0.032 

0.45 

2.8 

sf,  (m"/N)  xlO-'' 

Average 

1.56 

-0.031 

sf^  (m^/N)xlO‘“ 

RAD 

150.9 

-0.420 

0.012 

3.90 

4.9 

sf3  (m^/N)xlO’“ 

Calculated 

Smits  formula 

-0.821 

0.034 

N/A 

N/A 

sf3  (m^/N)xlO-“ 

Calculated 

Matrix  inversion 

-0.825 

0.017 

N/A 

N/A 

sf,  (m^/N)xlO-" 

LE 

199 

1.89 

-0.034 

1.0 

0.78 

sf,  (m^/N)xlO'“ 

TS 

2730 

3.92 

-0.13 

2.9 

4.3 

sf,  (m2/N)xlO-“ 

Calculated 

IEEE  formula 

2.28 

-0.038 

N/A 

N/A 

4  (N/m^)xlO" 

TE 

6390 

1.77 

0.023 

2.0 

11 

di3  (C/N)xl0‘^^ 

LTE 

71.5 

-297 

9.7 

0.70 

7.1 

di3  (C/N)xlO-^^ 

RAD 

150.9 

-293 

10 

0.68 

5.8 

di3  (C/N)xlO‘^^ 

Average 

-295 

9.9 

d33  (C/N)x10-^2 

LE 

199 

564 

-15 

3.1 

17 

d,5  (C/N)xlO-‘^ 

TS 

2730 

560 

o 

CO 

1 

4.6 

11 

sfj  (F/m)xl0‘* 

TS 

2730 

2.14 

-0.13 

0.44 

6.8 

8^3  (F/m)xl0‘* 

RAD 

150.9 

3.06 

-0.11 

1.1 

6.5 

8^3  (F/m)  xl0‘* 

LT 

71.5 

2.83 

-0.061 

1.9 

9.4 

8^3  (F/m)  xlO'® 

Average 

2.95 

-0.083 

8^3  (F/m)xlO'* 

TE 

6390 

1.06 

-0.053 

2.0 

4.2 

1^33 

LE 

199 

0.763 

-0.0029 

0.52 

45 

LTE 

71.5 

0.447 

-0.0054 

0.90 

16 

•^15 

TS 

2730 

0.611 

-0.0034 

3.1 

37 

k„ 

RAD 

150.9 

0.706 

-0.0062 

0.45 

6.1 

TE 

6390 

0.536 

-0.0050 

0.46 

12 

4.  CONCLUSIONS 


The  quasi-static  and  DC  biased  resonance  spectra  for  Motorola  3203HD  have  been  measured  and  the  field 
dependence  of  the  material  constants  determined  using  DC  biased  impedance  spectra  were  found  to  be  smaller  by  a  factor  of 
4  to  6  times.  The  difference  in  the  two  measurements  is  attributed  to  reversible  and  irreversible  domain  motion.  The 
excursions  of  the  domain  walls  under  large  quasi-static  fields  are  larger  and  irreversible  while  the  small  AC  fields  of  the 
resonance  measurement  vibrate  tlie  domain  walls  reversibly.  The  complete  reduced  matrix  for  Motorola  3203  HD  including 
losses  is  reported 
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ABSTRACT 


Electric  field  induced  antiferroelectric  (AFE)  to  ferroelectric  (FE)  phase  transformations  are  accompanied 
by  large  strain  and  significant  hysteresis.  The  properties  of  these  materials  can  be  tailored  to  fit  specific 
applications  such  as  high  strain  actuators  and  charge  capacitors.  As  an  attempt  to  reduce  hysteresis, 
Barium  and  Strontium  A-site  substitution  of  the  phase  transformation  behavior  of  (Pbo.98-5Lao.02A5) 
(ZrxSnyTiz)03  (A=Ba,  Sr)  ceramics  have  been  investigated.  The  ceramic  samples  in  this  study  produced 
0.2%  to  0.3%  strain  level.  Barium  proved  to  be  a  strong  FE  stabilizer  with  decreasing  both  switching 
field  and  hysteresis,  while  Strontium  proved  to  be  a  strong  AFE  stabilizer.  Some  practical  data, 
including  temperature  stability  and  current  requirements,  are  also  to  be  discussed. 

Keywords:  lead  zirconate  stannate  titanate  ceramics,  antiferroelectric-to-ferroelectric  phase  switching 
ceramics,  field  induced  strain,  field  induced  polarization 


1.  INTRODUCTION 


Lead  zirconate  (PbZrOs)  and  lead  titanate  (PbTiOs)  form  a  complete  solid-solution  series  (lead  zirconate 
titanate,  or  PZT)  of  great  technological  importance.  It  is  used  in  various  Zr:Ti  ratios  and  with  numerous 
dopants  to  manufacture  a  vast  array  of  electronic  and  electromechanical  devices. 

The  effects  of  pressure-enforced  ferroelectric  (FE)  to  antiferroelectric  (AFE)  in  modified  PbZrOs  was 
originally  studied  by  Berlincourt  et  al.  for  an  application  of  shock-actuated  power  supplies L2.  The 
relatively  recent  work  on  the  same  ceramics  are  published  from  Sandia  National  Laboratories^’'^. 

Triaxial  phase  diagram  introducing  lead  stannate  (PbSnOs)  for  both  Niobium  (Nb)  and  Lanthanum  (La) 
doped  system  have  been  developed  from  the  large  amount  of  compositional  study  pursued  at  Clevite 
Corporation!  >2  in  1960s. 


Shoko  Yoshikawa:  Correspondence:  e-mail:  sxy3@psuvm.psu.edu;  Phone:  (814)  863-1096;  Fax:  (814)  865-2326 
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Our  interest  in  these  families  of  materials  lies  in  their  ability  to  produce  large  strain  at  the  electric  (E)-field 
induced  tetragonal  AFE  (AFEt)  to  rhombohedral  FE  transformation  (FEr)5>6_  Depending  on  the 
compositional  adjustments,  the  materials  can  exhibit  shape  memory  effect  as  described  by  Uchino,  et  alJ. 

Our  compositions,  unlike  the  above  example  of  FE-to-AFE  transformation  to  release  energy  upon 
application  of  pressure,  start  from  AFEt  phase  and  switches  to  FE  phase  upon  application  of  E-field.  For 
actuator  application,  it  is,  therefore,  important  to  optimize  the  compositions  to  exhibit  following 
characteristics: 

1.  Larger  strain,  thus  larger  displacement, 

2.  Lower  hysteresis,  thus  less  heat  generation,  and 

3.  Lower  switching  field,  thus  less  E-field  requirement. 

We  have  shown  previously^>^  that  the  B-site  compositional  modification  controls  switching  field,  though 
hysteresis  behavior  has  litde  influence. 

The  objective  in  this  study,  therefore,  is  to  attempt  to  produce  compositions  with  less  hysteresis  without 
sacrificing  too  much  strain  while  maintaining  relatively  low  switching  E-field.  A-site  modifications  were 
accomplished  by  the  addition  of  Ba  and  Sr. 


2.  EXPERIMENTAL  PROCEDURE 


2.1  Sample  preparation 


The  five  compositions  described  as  A,  Al,  A2,  B,  and  C  in  Table  1  were  prepared  according  to  the 
formula.  Figure  1  shows  the  location  of  these  compositions  in  the  PLZST  ternary  phase  diagram. 
Polycrystalline  ceramic  materials  investigated  in  this  study  were  prepared  by  solid  state  reaction,  using  the 
appropriate  amount  of  reagent  grade  raw  materials  of  lead  carbonate  (PbCOs),  lanthanum  oxide  (La203), 
zirconium  dioxide  (Zr02),  titanium  dioxide  (Ti02),  and  tin  oxide  (Sn02).  The  chemical  purity  of  each  of 
the  raw  materials  was  greater  than  99%.  Barium  and  strontium  aditions  were  made  using  the  appropriate 
amounts  of  strontium  carbonate  (SrCOs)  and  barium  carbonate  (BaCOs),  respectively.  The  sintering 
process  was  carried  out  in  a  lead  rich  environment  in  order  to  minimize  lead  volatilization.  To  further 
enhance  densification  and  increase  the  electric  field  where  dielectric  breakdown  occurs,  the  sintered 
specimens  were  hot  isostatically  pressed  for  2  hours  at  1200°C  in  an  air  atmosphere  under  a  pressure  of 
20MPa.  Disk  samples  were  then  prepared  by  polishing  with  silicon  carbide  and  alumina  polishing 
powders  to  achieve  a  flat  and  parallel  surface  onto  which  gold  was  sputtered  as  an  electrode. 


Table  1.  PLZT  compositions. 


COMPOSITION 

Comments 

A 

(Pbo.88Lao.02)  (Zro.66Tio.26)0.99503 

0%  Ba,  Zr:Ti:Sn  66:8:26 

Al 

(Pbo.93Bao.0.5Lao.02)(Zro.66Tio.08Sno.26)0.99503 

5%Ba,Sr:Ti:Sn  66:8:26 

A2 

(Pbo.88Bao.i  oLao.02)(Zro.66l  io.08Sno.26)o.99.503 

10%Ba,Zr:Ti:Sn  66:8:26 

B 

(Pb0.93Sr0.05La0.02)(Zro.55Tio.l5Sno.30)o.99503 

5%  Sr,  FE  region  of  phase  diagram 

C 

(Pb0.93Ba0.05La0.02)(Zro.55Tio.l5Sno.3o)o.99503 

5%  Ba,  FE  region  of  phase  diagram 

Ill 


Pb(Zro.5Ti  0.5)03 


Figure  1 :  PLZST  phase  diagram  and  investigated  compositions. 


2 . 2  Characterization  techniques 


(a)  Phase  and  microstructure 

Calcined  and  sintered  powders  were  examined  by  x-ray  diffraction  to  insure  phase  purity  and  to  identify 
the  crystal  structure.  Typically,  ±e  samples  showed  a  single  phase  within  the  detection  limit  of  XRD 
(<  2%). 

(b)  Dielectric  properties 

Multiffequency  meters  (Hewlett  Packard  4274A  and  4275A  LCR  meters)  were  used  in  conjunction  with  a 
computer  controlled  temperature  chamber  (Delta  Design  Inc.,  Model  MK  2300)  to  measure  capacitance  as 
a  function  of  temperature  and  frequency.  Capacitance  was  converted  to  dielectric  permittivity  using  the 
sample  geometry  and  permittivity  of  air.  Measurements  were  taken  from  100  Hz  to  100  kHz  at 
temperatures  from  -150°C  to  250°C. 


(c)  Polarization  and  strain 

High  field  measurements  included  polarization  and  strain  hysteresis  using  a  computer  controlled  modified 
Sawyer  Tower  system  with  a  National  Instruments  Input  Output  card  and  linear  variable  displacement 
transducer  (LVDT)  sensor  driven  by  a  lock  in  amplifier  (Stanford  Research  Systems,  Model  SR830).  The 
voltage  was  supplied  using  a  Trek  609C-6  high  voltage  DC  amplifier.  Through  the  LVDT  sensor  the 
strain  of  the  samples  can  be  measured  with  the  applications  of  an  applied  field.  Electric  fields  as  high  as 
~  lOOkV/cm  were  applied  using  an  amplified  sine  waveform  at  0.2  Hz.  During  testing  the  samples  were 
submerged  in  Fluorinert  (FC-40,  3M),  an  insulating  liquid,  to  prevent  arcing. 
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3. 


RESULTS  AND  DISCUSSION 


3.1  A-Site  Modification 


A- site  modifications  were  based  on  tolerance  factor,  which  can  be  described  for  perovskites  with  the 
general  formula  ABX3  by: 

t  =  (Ra  +  Rx)  /  (■'/  2)  (Rb  +  Rx) 

where  Ra  =  radius  of  A,  Rb  =  radius  of  B  and  Rx  =  radius  of  X.  Ba2+  (1.48A)  is  larger  than  Pb2+ 
(I.32A),  and  Sr2+  (1.27 A)  is  smaller  than  Pb2+.  When  t  >  1  the  FE  phase  is  stabilized  when  t  <  1  the 
AFE  phase  is  stabilizedl^.  For  Pb  based  compounds,  however,  only  trends  need  to  be  considered  because 
of  the  high  polarizability  of  the  Pb.  Both  Ba  and  Sr  were  considered  as  A-site  additions  only  in  this  study. 
Ba  being  a  FE  stabilizer  and  Sr  being  a  AFE  stabilizer  both  potentially  lowering  Tmax  and  subsequently 
suppressing  hysteresis. 

Figure  2  shows  E-field  induced  polarization  (a)  and  strains  (b)  for  compositions  A,  Al,  and  A2.  As 
anticipated,  increased  Ba^^  content  clearly  lowered  switching  field,  and  decreased  hysteresis.  It  is 
important  to  note  that  the  maximum  strain  is  a  function  of  applied  electric  field  after  the  switching.  The 
dielectric  data  is  shown  in  Figure  3.  This  data  showed  a  decrease  Tmax  (associated  with  decreased 
hysteresis),  increased  Kmax  and  increased  Tfe-AFE  (associated  with  decreased  switching  field)  with 
increased  Ba2+  content,  though  Tfe-afe  is  not  obvious  in  virgin  sample.  This  also  indicates  that  the 
operating  temperature  range  is  narrower  as  Ba2+  content  increased  (to  be  discussed  below). 

Figures  4  to  7  show  the  results  of  compositions  B  and  C.  The  original  location  of  the  composition  is  in 
rhombohedral  ferroelectric  region  (FEr);  therefore,  the  composition  without  Ba  or  Sr  addition  is 
ferroelectric.  As  anticipated  from  Sr  being  AFE  stabilizer,  as  sintered  composition  B  with  5%  Sr  addition 
showed  antiferroelectric,  and  underwent  AFE-to-FE  transformation  upon  application  of  E-field  (Figure  4). 
The  switching  field  was  approximately  50  kV/cm,  and  hysteresis  was  relatively  small 

On  the  contrary,  the  same  composition  with  addition  instead  of  Sr2+  showed  stable  ferroelectric 
behavior,  as  shown  in  Figure  6.  Dielectric  data  in  Figure  7  showed  a  transition  from  FE  to  PE 
(paraelectric)  without  any  AFE  stable  temperature  range.  It  is  determined  from  the  fact  that  the  cooling  mn 
(sample  depoled  by  exposing  temperature  above  Tmax)  showing  higher  dielectric  constant  than  heating  (E- 
field  exposed  sample)  run,  unlike  the  data  in  Figure  5. 


3.2.  Temperature  stability 


Low  field  dielectric  data,  as  discussed  above,  are  important  tools  to  determine  temperature  stability  of  each 
composition  without  actually  measuring  the  strain  in  different  temperature  conditions.  At  very  low 
temperature  aU  of  the  compositions  discussed  in  this  study  are  ferroelectric.  There  are  temperature  regions 
in  which  compositions  show  AFE  phase,  which  can  be  transformed  to  FE  by  E-field.  Above  Tmax,  the 
phase  is  PE  so  that  only  electrostrictive  strain  behavior  can  be  observed. 

General  temperature  behavior  of  this  family  of  ceramics  is  shown  in  Figure  8  of  temperature  and  E-field 
phase  diagram.  The  shaded  areas  describe  hysteresis.  As  the  figure  indicates,  it  is  possible  to  decrease 
hysteresis  by  operating  at  a  higher  temperature,  though  strain  level  will  be  reduced. 
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(a) 

Figure  2:  Electrically  induced  polarization 


Electric  Field  (kV/cm) 

(b) 

(a)  and  strain  (b)  for  compositions  A,  Al,  and  A2. 


Temperature  (°C) 

Figure  3:  Temperature  dependence  of  dielectric  constant  for  the  compositions  A,  Al,  and  A2;  (cooling) 
virgin  sample. 
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Figure  4:  Electrically  induced  polarization  and  strain  for  composition  B. 
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Temperature  dependence  of  dielectric  constant  for  the  composition  B;  poled  sample,  heating 
first,  then  cooling 


Figure  6:  Electrically  induced  polarization  and  strain  for  composition  C. 


Figure  7 :  Temperature  dependence  of  dielectric  constant  for  the  composition  C;  poled  sample,  heating 

first,  then  cooling 
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above  study  of  A-site  modification  showed  that  it  is  possible  to  decrease  hysteresis  and  switching  field 
at  roorn  temperature  with,  uitfortunately,  narrowing  AFE  temperature  range.  It  is,  therefore,  critical  to 

composition  based  upon  the  requirements  of  a  specific  application  and  tailor  the 
properties  of  the  phase  change  materials. 


Temperature  (°C) 


Figure  8:  Temperature-electric  field  phase  diagram.  Shaded  area  indicates  hysteresis. 

3.3.  Current  requirement 


the  B  site  also  showed  high  field  dielectric  constants 
DC  bias  field.  As  sharp  increase  and  decrease  in  polarization  hysteresis  loop  indicate 

St  Am  I samples  undergoes  a  phase  transmon  from  AFE-FE  and  subsequent  switching 

tow  ftenne^^  J  mcreasmg  Md  ttoasmg  E-field.  These  measurements  were  completed  at ! 

low  ft-equency  (0.2  Hz)  and  represent  relatively  low  current  requirements.  The  current  required  at  a  higher 
requency  would  1^  subst^tially  higher  and  should  be  taken  into  account  when  the  operating  circuit  for 
designed.  Current  is  lost  in  the  time  required  to  complete  a  measurement  cycle  (5  sec  in  this 
case),  which  accounts  for  the  lack  of  S5Tiimetry  in  Figure  9. 
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Figure  9:  Current  requirements  on  phase  switching  (0.2  Hz). 


4.  CONCLUSIONS 


A-site  compositional  modification  can  be  used  along  with  B-site  Ti:Sn  ratio  changes  to  modify  the 
properties  of  phase  switching  ceramics,  for  example  decreasing  hysteresis.  Sr  addittons  have  limited  ment 
alone  because  they  cause  increases  in  Ae  switching  field  and,  therefore,  increases  in  the  field  necessary  to 
obtain  maximum  strain  levels.  Sr  addition,  however,  suppressed  hysteresis. 

Ba  additions  proved  to  be  a  FE  phase  stabfiizer,  lowering  both  the  amount  of  hysteresis  and  the  switclmg 
field.  It  should  be  noted,  however,  that  these  changes  also  make  the  Ara  temperature  range  smaller,  ^e 
operation  temperature  and  cuirent  requirement  for  this  family  of  ceramics  were  also  summarized.  Ideallj^ 
with  respect  to  application,  a  balance  should  be  maintained  between  switching  field,  hysteresis  and 
operating  temperature  range. 
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ABSTRACT 

In  this  paper  we  describe  the  results  of  an  ongoing  experimental  program  to  measure  the  strain  distribution 
around  a  simulated  void  in  a  piezoceramic  material  subjected  to  large  electric  fields.  The  simulated  void 
is  a  two-dimensional  circular  cylinder  fabricated  into  the  sample.  Strain  information  is  acquired  with  a 
Moire  inteferometric  system  which  permits  both  quantitative  evaluation  of  surface  strains  and  qualitative 
information  regarding  domain  reorientation.  Results  indicate  that  large  stresses/strains  arise  around  the 
perimeter  of  the  hole  prior  to  domain  reorientation.  Domain  switching  initiates  at  the  locations  where  the 
leugest  stress/strain  occurs  around  the  perimeter  of  the  simulated  void  and  do  so  to  reduce  the  localized 
concentrations.  During  this  evolutionary  process  the  material  contains  a  multi-domain  structure  with 
regions  polarized  in  180°  apart.  Domain  switching  appears  to  be  predominately  180°  without  any  90° 
domain  reorientation  occurring  at  the  mesoscopic  level.  Results  suggest  that  large  stress/strain 
concentrations  around  voids  could  be  a  source  for  electric  fatigue  degradation. 


1.0  INTRODUCTION 

The  use  of  piezoceramics  in  actuator  systems  to  suppress  vibrations,  cancel  noise,  and  to  alleviate 
undesirable  aerodynamic  effects  has  received  considerable  attention  in  the  last  decade.  However,  many  of 
these  actuator  applications  require  strokes  substantially  larger  than  the  material  was  originally  designed 
for.  To  generate  the  larger  displacements,  the  materials  are  being  exposed  to  increasingly  larger  electric 
fields  which  cause  domain  wall  motion  within  the  material.  While  domain  wall  motion  creates  larger 
displacements,  it  also  causes  spatially  varying  electric  fields  and  mechanical  stresses  within  the  material. 
When  exposed  to  repeated  cycles  for  extended  periods  of  time,  the  material  electrically  and  mechanically 
degrades  due  to  a  variety  of  physical  mechanisms  which  are  not  fully  understood.  Depending  upon  the 
particular  piezoelectric  material,  this  degradation  can  occur  in  a  couple  of  cycles  or  millions  of  cycles.  To 
develop  new  higher  authority  actuators  with  extended  fatigue  lives  the  scientific  community  must  begin  to 
imderstand  the  mechanisms  which  contribute  to  this  degradation  process  in  the  context  of  domain  wall 
movement. 

In  1953  McQuarrie  (1953)  reported  that  repeated  applications  of  large  electric  fields  degrade  the 
electro-mechanical  properties  of  barium  titanate.  Since  that  original  discovery,  a  nmnber  of  research 
efforts  have  been  conducted  to  understand  the  electric  fatigue  process  in  a  variety  of  different 
piezoceramic  compositions.  While  the  origin  of  fatigue  is  still  unclear,  there  are  three  accepted 
mechanisms  contributing  to  ferroelectric  fatigue.  They  are  1)  domain  pinning/space  charges  (Pan  1992), 
2)  electrode  attachment  (Taylor  1967),  and  3)  internal  stress  concentrations  (Carl  1975).  For  example, 
Carl  (1975)  and  later  Chung  et  al.  (1989)  observed  that  electric  fatigue  caused  microcracking  which  was 
qualitatively  attributed  to  the  internal  stresses  developed  between  grains,  thermal-expansion  anisotropy,  or 
stress  induced  by  large  electric  fields.  Jiang  and  Cross  (1993)  showed  that  PZT  ceramics  with  higher 
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densities  (i.e.  fewer  voids)  had  a  longer  fatigue  life  compared  to  those  with  lower  densities.  They 
attributed  material  degradation  to  space  charges  which  developed  along  the  surface  of  the  voids  causing 
the  domain  structures  to  be  "pinned".  By  thermally  treating  the  material,  they  reported  that  D-E  hysteresis 
loops  could  be  partially  recovered  indicating  that  the  space  charges  were  removed.  Following  up  on  the 
work  of  Taylor  (1967),  Jiang  et  al.  (1994)  attributed  the  fast  fatigue  of  PLZT  ceramics  to  contaminated 
surfaces  instead  of  intrinsic  structure  deterioration  or  changes  in  domain  distribution.  They  indicated  that 
inappropriate  electrode  attachment  or  surface  preparations  can  adversely  effect  the  fatigue  life  of 
piezoelectric  materials.  Recently,  Wang  et  al.  (1996)  suggested  that  electric  fatigue  of  PZT-5H  was  the 
result  of  spatially  variant  electric  fields  around  internal  anomalies  such  as  voids  which  generate  large 
mechanical  stresses  caused  by  localized  domain  reorientation.  While  all  of  these  contribute  to  the  fatigue 
process,  new  actuator  materials  will  inevitably  use  domain  wall  movement  to  achieve  larger 
displacements.  This  means  that  internal  stresses  caused  by  non-aligned  domains  is  a  key  issue  for 
developing  a  fatigue  resistant  actuator. 

In  this  paper,  a  Moird  inteferometry  method  is  used  to  study  the  strain  concentration  around  a 
simulated  void  in  a  piezoelectric  ceramic.  This  study  is  based  on  the  previous  work  of  Wang  (1996) 
indicating  that  fatigue  degradation  is  the  result  of  internal  stress/strain  concentrations  generated  by  the 
spatially  variant  electric  fields  around  voids.  While  previous  researchers  such  as  Mollenhauer  et  al.  (1992) 
have  used  the  Moire  technique  to  understand  strain  transfer  between  a  piezoceramic  patch  and  a  plastic 
substrate,  to  our  knowledge  the  Moire  method  has  not  been  previously  used  to  monitor  internal 
stress/strain  concentrations  during  large  electric  field  excursions.  In  a  previous  publication  (Park  et  al. 
1996)  we  on  the  use  of  a  Moire  method  to  measure  the  strain  concentrations  between  dissimilar  oriented 
domain  structures.  In  this  paper  we  extend  this  concept  for  measuring  strains  around  a  simulated  void  to 
help  understand  the  role  of  microvoids  in  the  electric  fatigue  of  peizocermamics. 


2.0  EXPERIMENTAL  SETUP 

The  material  used  in  this  study  was  a  commercially  available  PZT-5H.  This  material  was  chosen  because 
it  generates  relatively  large  strains  (e.g.  3000  microstram  or  0.3%  achievable)  when  compared  to  other 
piezoelectric  ceramics  and  it  is  used  in  piezoelectric  motors  (Anon  1990).  The  material  was  polled  at  a 

temperature  of  90®  C  in  an  electric  field  of  3  MV/m  for  five  minutes.  Throughout  this  manuscript  the 
original  poling  direction  will  be  referred  to  as  x^  regardless  of  subsequent  domain  wall  movement  which  is 
consistent  with  standard  piezoelectric  nomenclature  (Cady  1946).  The  orthogonal  axis  on  the  same  plane 
will  be  referred  as  Xj. 

The  specimen  used  for  this  study  is  cut  to  size  with  a  ceramic  saw  equipped  with  a  diamond 
blade.  Care  is  taken  to  ensure  that  the  blade  does  not  induce  any  anomalies  in  the  material  which  would 
influence  the  results.  A  4.74mm  diameter  carbide  drill  creates  a  simulated  two-dimensional  void  in  the 
material  in  the  form  of  a  continuous  circular  cylinder  (see  Figure  1).  A  coolant  is  used  during  the  drilling 
process  to  prevent  any  local  heating  which  might  influence  the  material  characteristics.  A  grinder  process 
using  1000  grid  polish  followed  by  a  5  pm  grid  polish  is  used  to  smooth  the  exposed  surfaces  of  the 
specimen  for  two  reasons.  First,  Moir6  interferometery  requires  a  relatively  flat  smooth  specimen  to  obtain 
accurate  measurements  and  second  any  surface  defects  induced  during  manufacturing  can  potentially  be 
removed. 
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25.4mm 

Figure  1.  An  illustration  of  the  specimen  and  grating  used  and  this  study. 

As  illustrated  in  Figure  2,  the  procedures  to  place  a  grating  on  the  specimen  are  as  follows.  The  epoxy 
used  for  the  replication  was  a  F-117  bipax  epoxy  which  was  initially  degassed  in  a  centrifuge  for  five 
minutes  to  eliminate  any  air  bubbles  in  the  epoxy  and  provide  a  clean  replication.  A  drop  of  epoxy  is 
placed  on  the  grating  and  subsequently  attached  to  the  specimen  with  a  O.IN  force  to  promote  bonding 
and  to  reduce  epoxy  thickness.  Following  cure,  an  M-Coat  C  silicone  rubber  is  applied  to  all  exposed 
surfaces  to  prevent  problems  associated  with  electrical  breakdown  of  air.  To  prevent  electric  conduction 
through  aluminum  coating,  the  coating  is  dissolved  with  a  50%  concentration  of  NaOH  for  one  minute, 
leaving  only  an  epoxy  grating  in  its  place.  The  loss  in  the  reflection  associated  with  removal  of  the 
aluminum  coating  is  partially  compensated  for  by  both  increasing  the  intensity  of  the  laser  source  and 
using  a  CCD  camera  to  record  fringe  patterns.  A  specially  designed  plexi-glass  structure  is  used  to  hold 
the  specimen  in  the  Moire  apparatus  and  prevent  electrical  conduction. 


Grating 


Figure  2.  An  illustration  of  the  replication  process  to  attach  a  grating  to  the  specimen 

In  this  experiment  a  four  beam  Moire  interferometry  system  is  used  .  Figure  3  shows  the  PEMI  ( 
Portable  Engineering  Moire  Interferometer)  unit  that  was  used  for  this  experiment.  The  laser  source  for 
this  system  has  a  wave  length  of  633  nm  and  the  reference  grating  frequency  on  the  specimen  is/=2400 
lines/mm.  When  the  specimen  deforms,  constructive  and  destructive  interference  of  the  laser  causes 
fringes  to  be  generated  (Post  1994).  For  the  test  reported  on  in  this  manuscript,  a  CCD  camera  is  used  to 
acquire  the  image  and  subsequently  digitized  with  a  frame  grabber  rather  than  using  a  shutter  camera 
displayed  in  Figure  3.  A  CCD  camera  provides  the  opportunity  to  record  time  dependent  phenomena  and 
provides  better  sensitivity  for  the  fringes  obtained  from  the  epoxy  grating. 
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Figure  3.  An  photograph  of  the  Moire  apparatus  used  in  this  study. 


Following  specimen  preparation,  the  sample  is  mounted  in  the  Moir6  system  and  a  null  field  is 
generated  in  the  absence  of  the  electrical  field.  For  analytical  convenience,  carrier  fringes  of  rotation  are 
added  which  generate  uniformly  spaced  horizontal  lines  in  U-field  and  vertical  lines  in  V-field.  The 
application  of  an  electric  field  to  the  specimen  causes  the  material  to  deform  and  alters  the  fringes  in  very 
distinct  fashions.  For  example,  if  an  electric  field  is  applied  parallel  to  the  positive  Xj  axis,  the  sample 
elongates  and  the  cairier  fringes  rotate  clockwise.  If  the  electric  field  is  applied  in  the  negative  x^  direction 
the  sample  contracts  and  the  carrier  fringe  rotate  counterclockwise.  Therefore,  when  a  specimen 

undergoes  180®  domain  switching,  where  the  material  abruptly  switches  from  a  contraction  state  to  an 
elongation  state,  the  carrier  fringes  will  suddenly  rotate  in  the  opposite  direction.  While  for  the  test 

scenario  illustrated  in  Figure  1,  one  might  expect  the  sample  to  undergo  only  180®  domain  switching  there 

is  a  possibility  that  90®  domain  switching  will  occur.  This  is  due  to  the  fact  that  an  applied  E°  generates 
both  an  E,  and  E,  around  the  simulated  void  (Park  et  al.  1997b).  Park  1997a  discusses  in  detail  the  electric 
field  distribution  for  the  particular  case  discussed  in  this  manuscript.  Therefore,  in  this  experiment  care 
must  be  taken  to  explore  the  possibility  of  both  180®  and  90°  switching  phenomena  around  the  simulated 
void. 


3.0  EXPERIMENTAL  RESULTS 

In  this  section  the  measured  strain  concentration  around  a  simulated  void  in  a  material  subjected 
to  a  large  electric  field  is  presented.  The  radius  of  the  void  is  defined  to  be  r^  (i.e.,  r  =  2.37  mm)  in  the 
following  discussion.  The  material  is  poled  in  the  positive  Xj  axis  and  an  electric  field  is  applied  in  the 
negative  Xj  axis  to  generate  the  results  described  in  this  section.  Experimental  results  for  three  different 
electric  fields  are  presented,  i.e.,  E®=  -0.63MV/m,  -0.83  MV/m,  and  -0.86  MV/m.  An  electric  field  value 
of  -0.86  MV/m  represents  an  electric  field  slightly  lower  than  the  coercive  field  in  a  sample  without  a 
simulated  void.  However,  due  to  the  electric  field  concentration  caused  by  the  hole  polarization  switching 
can  essentially  finish  in  this  sample  at  -  0.86MV/m  if  held  for  a  sufficient  length  of  time. 
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Figure  4.  Contour  plots  of  833  for  three  different  applied  electric  field  values 

In  Figure  4,  contour  plots  of  the  measured  strain  values  833  for  the  three  electric  fields  are 
presented.  At  -0.63  MV/m  the  maximum  strain  is  -1300  microstrains  and  occurs  at  0  =  0°  and  r  =  r^  while 
the  minimum  strain  is  -150  microstrains  and  occurs  at  0  =  90°  and  r  =  r^.  In  the  far  field  (i.e.,  r  »  rj  the 
strain  quickly  becomes  uniform  with  a  magnitude  approaching  -960  microstrain  indicating  that  the 
influence  of  the  hole  is  limited  to  a  small  region  (  i.e.  less  than  1.3  rj.  The  non-uniform  strain  generated 
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around  the  hole  is  the  result  of  the  spatially  variant  electric  field  generated  by  the  simulated  void.  The 
strain  data  in  this  figure  also  indicates  that  polarization  reversal  has  not  initiated  at  any  location  in  the 
sample  for  an  electric  field  value  of  -0.63  MV/m. 

At  -0.83  MV/m  ( Figure  4)  the  maximum  strain  is  -1400  microstrain  and  the  minimum  strain  is  - 
700  microstrain.  While  the  minimum  strain  occurred  at  the  position  expected  (i.e.,  6  =  90°  and  r  =  r^),  the 
maximum  strain  was  recorded  in  the  far  field  region  where  the  influence  of  the  hole  is  negligible.  At  0  = 
0°  and  r  =t^,  the  position  one  might  expect  the  maximum  strain  to  arise,  the  measured  strain  is  only  -600 
microstrain.  This  value  represents  a  54%  decrease  in  strain  when  compared  to  the  lower  electric  field 
value  of -0.63  MV/m.  This  result  indicates  that  180°  polarization  reversal  has  initiated  in  the  local  region 
around  0  =  0°  and  r  =  r^  where  the  electric  field  is  the  highest.  When  polarization  switching  begins  the 
electric  field  causes  the  material  to  elongate  rather  than  contract  procuding  a  mesoscopically  measured 
strain  which  is  lower  than  the  far  field  value.  The  mechanical  constraint  by  the  surrounding  region  which 
has  not  switched  causes  the  strain  to  remain  in  contraction  even  though  the  local  region  is  attempting  to 
elongate.  Therefore,  a  localized  region  exists  aroimd  the  simulated  void  which  is  polarized  180°  out  of 
phase  with  the  original  poling  direction. 

At  a  value  of  -0.86  MV/m  (Figure  4),  180°  polarization  switching  has  occurred  in  the  vast 
majority  of  the  material  and  can  be  considered  complete.  The  maximum  strain  is  2200  microstrain  at  0  = 
0°  r  =  r, ,  and  represents  a  strain  concentration  of  approximately  2  when  compared  to  the  far-field  strain 
values  for  this  electric  field.  At  0  =  90°  and  r  =  r„  the  minimum  strain  occurred  with  the  magnitude  of  - 
900  microstrain.  The  strain  distribution  appears  to  suggest  some  interesting  phenomena  occurring  at  0  = 
45°.  From  FEM  analysis,  the  nominal  electric  field  (E,)  for  the  region  0  >  45°  is  below  the  coercive  field 
level  suggesting  that  this  region  remains  polarized  in  the  original  poling  direction.  Based  on  the  fiinge 
patterns  presented  in  Figure  5,  this  confirms  the  linear  anlyatical  results  suggesting  that  a  boundary  exists 
between  switched  regions  and  non-switched  region  at  0  =  45°.  Therefore,  a  portion  of  the  material  above 
the  hole  is  still  poled  in  the  original  poling  direction.  While  not  shown  here  the  strain  values  (s,,)  follow 
the  constant  volume  arguments  for  all  electric  field  values.  That  is,  £33  is  approximately  two  times  the 
value  for  £,,. 


Figure  5.  Fringe  patterns  from  the  U  and  V  field  for  an  electric  field  of -0.86  MV/m. 


The  shear  strain  for  three  different  electric  fields  is  shown  in  Figure  6.  At  -0.63  MV/m,  the 
mayiTrmm  shear  strain  occmred  at  45°  with  a  magnitude  of  380  microstrain  while  minimum  strain  values 
of  0  occurred  in  the  far  field  and  at  0  =  0°  and  9  =90°.  Based  on  a  linear  finite  element  analysis  (FEM) 
for  this  specific  problem,  Ei  is  a  maximmn  at  0  =  45°  while  it  is  nearly  zero  in  the  far  field  region  as  well 
as  0  =  0°  and  0  =90°.  Therefore  linear  analysis  provides  an  explanation  of  the  locations  of  maximum  and 
TniniTTinTn  shear  indicating  that  domain  switching  has  not  initiated  for  this  electric  field  value.  The 
discussion  of  this  figure  is  consistent  with  the  results  described  for  Figure  4  regarding  the  normal  strains. 

At  -0.83  MV/m,  the  maximum  shear  strain  was  950  microstrain,  occurring  again  at  45°.  The 
shear  strain  at  0  =  0° ,  0  =  90°  and  the  far  field  were  similar  in  magnitude  and  equal  to  a  value  of 
approximately  200  microstrain.  The  nonzero  value  of  shear  strain  in  the  far-field  suggestes  either 
(fissimilar  oriented  domains  are  inducing  shear  or  90°  switching  is  taking  place.  From  a  linear  FEM 
analysis  of  this  problem  (Park  1997a),  the  maximum  Ei/E®  =0.65  occurs  at  0  =  45°  and  r  =  ra  resulting  in 
an  electric  field  value  of  Ei  =  0.56  MV/m  for  this  particular  case.  From  tests  conducted  on  homogeneous 
specimens  undergoing  pure  90°  switching,  90°  polarization  switching  initiates  at  a  value  of  approximately 
0.6  MV/m  and  continues  to  evolve  until  l.OMV/m  is  reached.  For  the  case  described  here,  Ei  at  45°  is 
below  the  0.6MV/m  value  (note:  based  on  linear  model)  and  should  not  induce  any  90°  domain  switching 
in  the  material.  Furthermore,  the  shear  strain  measured  for  this  specimen  in  this  region  (i.e.,  700 
microstrain)  supports  the  contention  that  90°  polarization  switching  has  not  occurred.  In  our  previous 
study  (Park  et  al.  1996)  the  shear  strain  at  which  switching  commenced  was  nearly  3000  microstrain. 
Therefore,  it  is  believed  that  for  this  particular  sample  90°  switching  is  not  a  source  of  the  shear  strain  in 
the  far-field.  Rather,  this  strain  is  the  result  of  strain  induced  by  constrained  regions  dming  the  180  ° 
switching  around  0  =  45°  (see  Figure  5). 
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Figure  6.  Contour  plots  of  yi3  for  three  different  electric  field  values. 

At  -0.86  MV/m,  the  maximum  shear  shifted  to  0°  with  a  magnitude  of  -2000  microstrain. 
Except  for  this  localized  region,  the  shear  strains  in  other  portions  of  the  ceramic  were  close  to  zero. 
When  reviewing  the  magnitude  and  distribution  of  this  shear  strain,  one  discovers  strong  similarities 
with  strain  concentrations  between  regions  180°  apart  without  the  presence  of  a  hole  are  present  (see  Park 
et  al.  1996).  Therefore,  this  result  further  indicates  that  90°  switching  is  not  prominent  in  the  domain 
reorientation  around  a  simulated  void. 


4.0  CONCLUSIONS 

Experimentally  measured  strain  distributions  around  a  circular  cylindrical  void  in  a  piezoceramic 
subjected  to  large  electric  fields  was  measured  using  a  Moire  inteferometer.  Results  indicate  that  large 
stresses/strain  arise  aroimd  the  perimeter  of  the  hole  prior  to  domain  reorientation.  Domain  switching 
initiates  at  the  locations  with  the  largest  stress/strains  and  switch  in  a  manner  so  as  to  reduce  the 
localized  stress/strain  concentrations.  Domain  switching  in  these  samples  appears  to  be  predominately 


any  90°  domain  reorientation  occurring  at  the  mesoscopic  level.  Domain  switching  initiates  at  critical 
locations  around  the  simulated  void  and  proceeds  throughout  the  entire  specimen  rather  than  by 
homogeneous  switching  typical  of  bulk  specimens.  This  causes  localized  regions  of  the  ceramic  to  have  a 
net  polarization  180°  out  of  phase  with  the  rest  of  the  material.  In  general  these  results  indicate  that  local 
internal  anomalies  in  the  piezoeceramic  such  as  voids  generate  large  stress/strain  concentrations  when  the 
specimen  is  exposed  to  large  electric  field  excursions.  These  stresses/strains  are  believed  to  be  a 
contributor  to  the  electric  fatigue  degradation  reported  in  large  actuation  ceramics. 
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ABSTRACT 

Fatigue  behavior  for  a  piezoceramic  material  was  studied.  Fatigue  tests  using  compact  tension  specimens  of  PZT-4  under 
various  combinations  of  electric  and  mechanical  load  were  conducted  to  develop  a  crack  growth  law.  Experimental  results 
indicated  that  crack  growth  could  be  significantly  influenced  by  electric  fields. The  fatigue  crack  growth  caimot  be  accounted 
for  by  stress  intensity  factor  alone.  The  result  of  this  study  indicates  that  the  mechanical  strain  energy  release  rate  is  a  single 
parameter  that  can  account  for  the  combined  mechanical  and  electrical  load  that  governs  crack  growth.  A  Paris  law  type  of 
fatigue  crack  growth  model  was  derived  based  on  the  fatigue  tests. 

Keywords:  piezoceramics,  fatigue,  compact  tension  specimen,  Vickers  indentation 


INTRODUCTION 

Piezoelectric  materials  are  currently  receiving  consideration  in  a  number  of  actuator  applications  including  precision 
positioning,  vibration  suppression  and  noise  control.  These  materials  offer  promising  application  in  many  smart  structures. 
The  use  of  piezoceramics  as  actuators  in  smart  structures  demands  that  these  materials  perform  under  increasingly  high 
electric  and  mechanical  loads.  Durability  and  reliability  of  actuators  become  important  issues.  Therefore,  fracture  (failure 
under  monotonic  mechanical  and  electrical  loads)  and  fatigue  (failure  under  cyclic  loads)  behaviors  of  piezoceramics  must  be 
understood  and  accurately  modeled. 

A  crack  in  a  material  gives  rise  to  a  singular  stress  field  near  its  tip.  In  a  piezoelectric  material  a  singular  electric  field  is 
also  induced  if  electric  loading  is  applied.  These  strong  mechanical  and  electrical  fields  produce  crack  driving  forces  that 
extend  the  crack  in  a  catastrophic  manner  (fracture)  or  cumulative  manner  (fatigue).  In  either  case,  the  presence  of  cracks 
would  degenerate  the  mechanical  as  well  piezoelectric  performance  of  the  actuator. 

The  phenomenon  of  crack  growth  has  been  studied  extensively  in  many  ceramics  materials^  but  has  only  recently  been 
investigated  in  piezoelectric  ceramics.  Caldwell  and  Bradt  studied  slow  crack  growth  in  PZT  using  fatigue  tests.  White  et 
al^  studied  the  effects  of  cyclic  stresses  on  crack  extension  at  resonant  frequency  by  including  thermal  dissipation.  Cao  and 
Evens'*  and  Lynch ^  performed  fatigue  tests  on  Vickers  indented  specimens  under  cyclic  electric  fields  above  the  coercive 
field  and  found  that  electric  fatigue  is  characterized  by  step-by-step  cleavage.  Nishikawa  et  ar  performed  three  point 

*7 

bending  tests  under  cyclic  mechanical  loading.  Tobin  and  Pak  showed  that  fatigue  crack  growth  took  place  even  at  field 
amplitude  as  low  as  5%  of  the  poling  field.  All  test  results  indicated  that  electric  fields  affect  crack  growth. 

In  metals,  fracture  and  fatigue  can  be  described  well  by  using  classical  fracture  mechanics.  The  parameter  often  used  is  the 
stress  intensity  factor.  However,  this  parameter  is  not  suitable  for  piezoceramics  under  combined  mechanical  and  electrical 
loading  since  the  stress  intensity  factor  is  independent  of  the  electric  field  and  is  unable  to  include  the  effect  of  the  electric 
field.  Experimental  efforts  have  attempted  to  observe  fracture  behavior  under  both  mechanical  and  electrical  loading. 
McHenry  and  Koepke*  measured  crack  propagation  velocities  under  electric  fields  and  noted  that  electric  fields  increased 
crack  speed  and  that  crack  propagation  direction  deviated  from  its  original  direction  imder  strong  electric  fields.  Tobin  and 
Pak’'  performed  Vickers  indentation  tests  and  found  that  the  apparent  fracture  toughness  of  the  material  was  reduced  or 
increased  depending  on  the  direction  of  the  applied  electric  field.  Park  and  Sun®’'°  proposed  the  use  of  a  mechanical  strain 
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energy  release  rate  to  measure  the  apparent  fracture  toughness  of  piezoceramics.  This  new  parameter  can  account  for  the 
effect  of  the  electric  field  on  fracture  toughness. 

In  this  paper,  the  mechanical  strain  energy  release  rate  is  employed  to  characterize  fatigue  crack  growth  in  piezoceramics 
under  various  combined  mechanical-electrical  loading. 

MECHANICAL  ENERGY  RELEASE  RATE 

Energy  released  from  the  cracked  body  which  creates  new  crack  surfaces  during  crack  extension  has  been  used  in  classical 
fracture  mechanics.  In  piezoelectric  materials,  the  total  potential  energy  release  rate  can  be  expressed  as  a  path-mdependent 
integral.  For  a  cracked  body  shown  in  Fig.  1 ,  this  integral  is  given  by 

J  =  |(Hn2 -OijnjUi2 +DiE3nj)dr,  ij=2,3  (1) 

r 

where  H  =  |CijkiSijSki  -^SyEiEj  -ejkiSkiEi  is  the  electric  enthalpy,  Sjj  and  Ej  are  stresses,  strains  and  electric 
fields,  respectively;Cijki,  Cjki  Sjj  are  elastic  constants,  piezoelectric  constants  and  electric  permitivities,  respectively,  and 
iij  is  the  unit  normal  vector  to  the  contour  E.  The  J-integral  when  used  as  a  fracture  criterion,  would  indicate  that  the 
presence  of  electric  fields  always  impedes  crack  propagation.  However,  all  available  experimental  observations  indicate 
otherwise. 

The  mechanical  strain  energy  release  rate  proposed  by  Park  and  Sun*  includes  only  mechanical  energy  released  as  the 
crack  extends.  For  Mode  I  loading,  the  mechanical  strain  energy  release  rate  can  be  obtained  using  Irwine’s  crack  closure 
method.  We  have  ^ 

gF  =  lim  Ia33(x2)Au3(5-X2)dx2  (2) 

5^0  0 

where  AU3  is  the  crack  opening  displacement  near  the  crack  tip.  For  PZT-4,  we  have 

GM=^(228xlO-'la?3  +221xl0-’0a^3E3 )  (N/m)  (3) 

in  which  a33  and  E"  are  the  remotely  applied  stress  and  electric  field,  respectively.  Note  that  a  negative  electric  field 
decreases  the  value  of  and  thus  would  increase  the  apparent  toughness  of  the  material. 

Using  as  a  fracture  criterion,  Park  and  Sun'**  were  able  to  predict  fracture  loads  in  PZT-4  piezoceramics  under 
combined  mechanical  and  electrical  loading  fairly  accurately. 

FATIGUE  TEST  USING  COMPACT  TENSION  SPECIMEN 

Experimental  Procedure 

The  dimensions  of  the  compact  tension  specimen  and  setup  for  the  experiment  are  shown  in  Figures  1  and  2,  respectively.  The 
poling  direction  was  along  the  X 3 -axis.  A  conductive  epoxy  was  used  to  make  electrodes  such  that  they  were  13.2  mm  apart. 
The  side  faces  were  polished  in  several  steps  starting  with  a  600  grit  silicon  carbide  polishing  wheel  and  finishing  with  a  0.5 
^tm  grain  sized  alumina  polishing  pad.  The  crack  was  created  by  cutting  the  specimen  with  a  0.46  mm  thick  diamond  wheel 
perpendicular  to  the  poling  direction  resulting  in  a  crack  length  of  6  mm.  Subsequently,  the  crack  tip  was  further  sharpened  by 
using  a  razor  blade  with  diamond  abrasive. 
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Figure  1.  Compact  tension  specimen,  PZT-4 


Specimen 

D.C.  Power  Supplier 


Figure  2.  Setup  for  fatigue  test  using  compact  tesion  specimen 


Two  types  of  loads  were  applied  in  the  fatigue  tests.  In  the  first  type  of  loading,  the  voltage  was  kept  constant  while  the 
tension-tension  cyclic  mechanical  load  was  applied.  In  the  second  type  of  loading,  the  specimen  was  imder  a  constant  tensile 
load  while  a  time-vaiying  electric  field  was  applied.  Table  1  lists  the  loading  conditions. 
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Table  1.  Loading  conditions 


Mechanical 

Electrical 

Type  1  Loading 

P„,,=67N,P„i„=llN 

E=0.53  Mv/m 

E=0.23Mv/m 

E=0 

E=-0.23Mv/m 

E=-0.53Mv/m 

Type  2  Loading 

P=75N 

En,ax=0.15Mv/m,  En,in=0 

En,ax=0.08Mv/m,  En,i„=0 

To  prevent  arcing  between  electrodes  through  the  air,  the  specimen  was  submerged  in  silicon  oil  contained  in  a 
translucent  plexi-glass  tub.  A  traveling  microscope  was  used  to  measure  the  crack  length  during  the  fatigue  test. 


Finite  Element  Analysis 


The  mechanical  strain  energy  release  rate  corresponding  to  the  crack  growth  history  for  each  test  was  calculated  using  finite 
element  analysis  in  conjuction  with  crack  closure  technique.  The  eight  node  plane  strain  element  for  piezoelectric  materials  in 
ABAQUS  was  used.  Figure  3  shows  a  number  of  elements  near  the  crack  tip.  The  strain  energy  released  during  a  virtual  crack 
extension  Aa  would  be  the  same  as  the  work  done  in  using  the  crack  tip  nodal  force  to  close  the  crack  opening  displacement 
if  the  crack  tip  node  were  released.  Since  the  virtual  crack  extension  Aa  is  taken  to  be  very  small  as  compared  with  the  crack 
length,  the  virtual  crack  opening  can  be  approximated  by  the  crack  opening  at  the  node  right  behind  the  crack  tip.  Using  this 
modified  crack  closure  technique,  the  mechanical  strain  energy  release  rate  can  be  obtained  as 

°  ^  i  {F|  -  u^'’^ )  +  f/  (u^‘=^  -  uf )}  (4) 

where  F3  is  the  nodal  force  in  the  X3  direction  at  the  node  i  and  is  the  nodal  displacement  in  the  Xj  direction  at  the  node 


Figure  3  Finite  element  mesh  for  the  crack  closure  integral 
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Results 


The  crack  growth  histories  corresponding  to  the  two  type  of  loading  are  presented  in  Figures  4  and  5,  respectively.  The  test 
results  clearly  display  the  effect  of  electric  field  on  fatigue  crack  growth.  Specifically,  note  that  a  negative  electric  field  tends 
to  slow  crack  growth. 

To  establish  a  fatigue  crack  growth  model  similar  to  the  Paris  law  for  metallic  materials,  we  obtained  da/ dN  (crack 
growth  per  cycle)  from  the  data  of  Figures  4  and  5.  Subsequently, the  da/dN  data  were  plotted  against  the  range  of 

mechanical  strain  energy  release  rate  AG]'^  with  the  result  shown  in  Figure  6.  It  is  interesting  to  note  that  in  such  a  plot,  all 
the  crack  growth  curves  generated  under  different  loading  conditions  collapse  almost  into  a  single  curve.  This  master  curve 
can  be  expressed  in  the  form  of  the  Paris  law  as 

-^=A(AGj^)"  (cm/cycle)  (5) 

dN 

where  A  =  4.5x10  ,  n  =  22.3  and  AG{^  is  in  Nm/m^ 

Fatigue  Test  Using  Vickers  Indented  Cracks 


Vickers  indentation  technique  is  a  popular  technique  for  determining  fracture  toughness  of  brittle  materials  because  of  its 
simplicity.  Sun  and  Park"  extended  this  technique  to  include  the  piezoelectric  effects  in  PZT  piezoceramics.  In  this  study,  the 
precrack  was  produced  by  Vickers  indentation  and  crack  growth  was  generated  by  applying  60Hz  AC  electric  fields.  The 
crack  lengths  were  measured  with  an  optical  microscope. 

The  electric  load  was  applied  using  full  wave,  positive  half  wave  and  negative  half  wave  electric  fields.  The  peak 
value  of  the  applied  electric  field  was  5kv/cm.  Figure  7  presents  the  normalized  crack  growth  histories  of  the  major  crack 
which  is  perpendicular  to  the  poling  direction.  It  is  evident  that  crack  growth  under  the  action  of  the  positive  half  wave  of 
electric  field  loading  is  significantly  greater  than  that  under  the  negative  half  wave  loading.  This  phenomenon  can  be 
explained  as  follows.  During  the  indentation  with  Vickers  indentor,  a  plastic  zone  is  created  inside  the  half  penny-shaped 
crack.  Tensile  residual  stresses  exist  near  the  crack  tip  after  indentation.  A  negative  electric  field  when  coupled  with  the  crack 
tip  tensile  residual  stress  would  yield  a  smaller  mechanical  strain  energy  release  rate  and  thus  less  crack  growth.  A  positive 
electric  field  through  the  coupling  with  the  tensile  residual  stresses  would  produce  a  higher  mechanical  strain  energy  release 
rate  that  would  produce  greater  fatigue  crack  growth.  The  growth  of  the  crack  would  reduce  the  level  of  residual  stress  at  the 
crack  front  and,  thus,  the  crack  growth  rate. 

CONCLUSION 

Fatigue  crack  growth  in  PZT-4  piezoceramics  has  been  investigated.  The  magnitude  and  direction  of  the  electric  field  were 
found  to  significantly  influence  on  the  crack  growth  rate.  The  mechanical  and  electrical  loads  can  be  combined  into  a  single 
parameter,  the  mechanical  strain  energy  release  rate,  which  can  be  used  to  characterize  fatigue  crack  growth  for  various 
mechanical/electrical  loading.  A  fatigue  crack  growth  law  similar  to  the  Paris  law  has  been  derived  and  shown  to  be  capable 
of  describing  the  fatigue  crack  growth  rate  for  PZT-4  piezoceramics. 
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Cycles 


Figure  4.  Crack  growth  vs.  number  of  cyclic  mechanical  loads  at  constant  electric  field 


Cycles 

Figure  5.  Crack  growth  vs.  number  of  cyclics  for  cyclic  electrical  loading  at  constant  mechanical  load 
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Figure  6.  Crack  growth  rate  da/dN  vs.  AG  for  both  types  of  loading 


Cycles 

Figure  7.  Fatigue  crack  growth  under  cyclic  electric  loading 
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ABSTRACT 

Piezoelectric  polyvinylidenefluoride  films  have  been  embedded  between  layers  of  composite  laminates  and 
cured  at  temperatures  up  to  200°C.  The  films  retain  much  of  their  piezoelectric  response  upon  cooling 
even  though  the  cure  temperature  exceeds  the  melting  point  of  the  film.  The  response  of  these  embedded 
sensors  to  impact  loading  is  discussed.  We  have  also  used  embedded  sensors  to  monitor  curing  of 
reinforced  low  temperature  curing  epoxy  films  sandwiched  between  polycarbonate  sheets  and  subjected  to 
an  intermittent  external  load  perpendicular  to  the  surface.  The  sensor  response  drops  as  cure  continues 
since  the  stiffer  resin  transfers  less  load  to  the  film. 

Keywords:  PVF2,  piezoelectric,  embedded  sensors,  smart  materials,  cure  monitoring 

1.  INTRODUCTION 

Fiber  based  composite  materials  can  exhibit  strength  to  weight  ratios  several  times  those  of  steels  and 
aluminum  alloys.  These  would  seem  ideal  materials  for  structural  applications  where  weight  is  an  issue, 
but  their  use  is  far  fi'om  being  totally  exploited.  One  reason  behind  this  is  that  the  failure  modes  in 
composites  are  not  as  easily  predicted  and  well  known  as  metals.  Composite  material  mechanical 
properties  are  very  much  dependent  on  the  stress  history  of  the  material.  Barely  visible  damage  can 
dramatically  decrease  the  structural  integrity  of  a  composite.  For  this  reason,  there  is  an  interest  in 
determining  methods  for  monitoring  composite  materials  to  better  predict  their  behavior.  X-ray  or 
ultrasonic  methods  can  be  used  to  detect  damage  but  a  permanently  attached  sensor  allows  frequent  or 
continuous  monitoring. 

One  choice  for  monitoring  composites  is  to  mount  sensors  externally.  This  method  does  not  change  the 
manufacturing  of  the  composite  material  and  so  is  fairly  straightforward  to  implement.  The  sensors  may 
also  be  removable  and  so  can  be  used  intermittently  to  check  on  the  condition  of  a  part.  External  sensors 
have  the  limitation  that  they  are  exposed  to  the  environment  and  must  endure  its  conditions.  Piezoelectric 
sensors  are  generally  small  and  instrument  rather  easily. 

Islam  et  al.  have  used  externally  mounted  PZT  piezoelectric  sensors  to  detect  damage  in  laminate  beams.' 
The  use  of  externally  mounted  PZT  sensors  is  limited  by  geometry’  as  the  piezoelectric  ceramic  is  rigid. 
For  this  reason  many  researchers  have  looked  into  piezoelectric  polymer  sensors  for  external  monitoring. 
The  polymer  sensors  are  thin  (<100p.m)  and  flexible  and  easily  cut  to  shape  or  patterned.  Externally 
moimted  polymeric  piezoelectric  sensors  have  been  used  to  detect  and  monitor  damage,  exploiting  the 
inherent  ability  of  the  sensor  to  detect  strain.^’  ^  The  piezoelectric  polymer  can  also  be  used  as  a 
transducer  and  sense  damage  with  pulse  and  echo  techniques.*’  ’’ 

Embedding  sensors  within  the  composite  has  advantages  and  disadvantages.  The  sensor  is  internal  to  the 
structure  and  protected  from  the  external  environment.  There  are  other  considerations  as  well.  The 
embedding  must  become  part  of  the  fabrication  process,  so  the  sensor  must  survive  the  processing 
environment.  However,  the  sensor  could  then  also  be  used  for  process  monitoring.  The  sensor  becomes  a 


138 


SPIEVol.  3040  •  0277-786X/97/$10.00 


pennanent  part  of  the  structure  and  thus  becomes  useful  for  in-life  monitoring.  The  sensor  and 
accompanying  wiring  will  have  an  impact  on  the  structural  properties  of  the  composite. 

Numerous  types  of  sensors  have  been  embedded  in  various  composite  materials.  Salzano  et  al.  utilized 
embedded  constantan  wire  strain  gauges  to  monitor  stress  and  strain  in  a  graphite  epoxy  composite. 
Embedded  fiber-optic  based  sensors  have  been  discussed  in  several  papers  by  Measures®’  and  also 
reviewed  by  Davidson  et  al}^  The  sensing  techniques  are  many,  but  all  involve  placing  optical  fibers, 
which  are  typically  150-400  microns  diameter,  within  the  composite.  There  has  been  concern  that  these 
large  fibers,  when  compared  to  the  carbon  fiber  diameter  of  8  microns,  will  weaken  the  composite, 
however  experiment  and  modehng  suggest  that  the  effect  is  not  serious.’^ 

The  analysis  of  signals  from  fiber  optic  sensors  often  requires  elaborate  equipment.  Where  signal 
transmission  characteristics  are  measured,  there  is  a  problem  of  fiber  optics  being  “umversal  sensors” 
which  allow  no  deconvolution  of  changes  due  to  strain,  temperature  or  curing.  A  simple  geometry  for 
monitoring  cure  and  water  uptake  in  resin  by  near-ER  spectroscopy  with  an  embedded  fiber  has  been 
described.’'' 

Embedded  piezoelectric  PZT  sensors  have  been  used  by  Perrissin-Fabert  et  al.  to  monitor  cine  of 
thermosetting  polymers.'®  Ceramic  piezoelectric  sheets  are  available  down  to  thicknesses  of  250  microns 
but  are  very  fragile,  •with  fracture  strains  of  only  about  0. 1%.  They  are  also  limited  by  a  loss  of  poling 
above  the  Curie  temperature,  300-400°C  for  PZT,  and  can  depole  at  stresses  of  lO-lOOMPa.'®  Polymer 
piezoelectrics  offer  the  advantages  of  being  thinner  and  tough  but  there  are  concerns  about  the 
temperature  range  and  the  piezoelectric  coefficients  are  much  less  than  those  of  the  ceramics. 

There  are  a  number  of  known  piezoelectric  polymers,  including  several  Nylons”’  and  copolymers  of 
vinylidene  cyanide.'®  Polyvinylidene  fluoride  (PVF2)  was  found  to  exhibit  piezoelectric  properties,  when 
properly  prepared,  by  Kawai.^°  Preparation  involves  stretching  a  film  of  PVF2  to  induce  a  transformation 
to  ffie  beta  phase  and  subjecting  it  to  an  electric  field  to  pole  the  material  by  aligning  the  CF2  dipoles, 
often  at  elevated  temperatures.  It  has  been  generally  observed  that  the  piezoelectric  response  is  lost  at 
temperatures  above  the  poling  temperature. 

We  have  found  that  piezoelectric  PVF2  sensors  can  be  cured  within  a  thermosetting  composite  system  and 
retain  their  activity  despite  exposure  to  temperatures  above  160°C.  In  this  paper  we  describe  the 
temperature  dependence  of  the  response  and  test  embedded  sensors  as  cure  and  damage  monitors. 

2.  EXPERIMENTAL 

Polyvinylidene  fluoride  films  were  obtained  from  the  Kureha  Chemical  Industry  Co.,  Ltd.  of  Japan,  under 
the  tradename  KF  Piezo  Film.  The  films  are  poled  and  the  surfaces  are  electroded  on  both  surfaces  with 
aluminum,  and  are  available  in  thicknesses  of  9  and  30pm.  For  these  experiments  we  used  a  film 
thickness  of  30pm.  Individual  sensors  were  cut  from  the  polymer  sheet  using  a  straight  edge  and  scalpel 
to  avoid  smearing  the  electrodes  and  shorting  the  sensor.  Sensor  shape  was  chosen  to  make  the  film’s 
stretch  direction  obidous.  The  sensor  area  was  Icm^  to  allow  for  ease  of  handling.  Once  cut  to  shape, 
copper  lead  wires  were  attached  to  the  metallized  surfaces  -with  a  copper  adhesive  tape  (3M  1181).  This 
structure  will  henceforth  be  referred  to  as  PVF2  sensor  assembly. 

The  composite  material  used  for  these  experiments  was  a  prepreg  system  consisting  of  cyanate  ester  resin 
and  glass  cloth.  This  material  was  provided  by  Lockheed  Advanced  Development  Co.  This  system  was 
proposed  for  use  as  an  adhesive  layer  between  compiosite  skins  and  core  materials.  A  typical  cure  cycle  for 
this  prepreg  system  is  a  two  hour  cure  at  177°C,  under  autoclave  conditions.  Our  curing  was  performed  in 
a  Fisher  Scientific  Isotemp  Oven  718F,  -with  the  prepreg  placed  between  metal  blocks  (to  prevent  warping, 
provide  some  constraint,  and  ensure  uniform  temperature).  Temperature  was  monitored  with  an  Omega 
WB-T21  analog  data  acquisition  card  and  PC  based  computer. 


The  PVF2  sensors  were  measiu'ed  by  attaching  the  lead  wires  to  a  Tektronics  model  2201  digital  storage 
oscilloscope.  BNC  cabling  was  used  from  the  oscilloscope  and  attached  to  the  sensor  lead  wires. 
Electrical  noise  was  reduced  by  surrounding  the  test  assemblies  with  aluimnum  foil  which  was  groimded 
to  the  oscilloscope.  The  voltage  across  the  piezoelectric  film  was  measured  this  way. 

A  Du  Pont  910  series  differential  scanning  calorimeter  was  used  to  verify  the  melting  temperature  and 
recrystallization  temperatures  for  the  PVF2  we  obtained.  A  ramp  rate  of  10°C/min  was  used  for  heating, 
with  cooling  also  limited  by  this  rate. 

Composite  sandwich  stmctures  were  fabricated  by  placing  a  PVF2  sensor  assembly  between  2.5cm  x  15cm 
strips  of  cyanate  ester  prepreg,  placing  this  between  metal  blocks  and  oven  curing.  Diuing  the  curing 
cycle  the  sensor  was  agitated  by  dropping  a  metal  rod,  from  a  fixed  height,  onto  the  top  of  the  metal  block 
assembly.  The  sensor  was  monitored  with  an  oscilloscope.  This  procedure  was  repeated  at  roughly  5°C 
increments  while  heating  and  curing  the  sample. 

Composite  coupons  10cm  x  15cm  were  fabricated  in  the  usual  fashion  with  two  embedded  PVF2  sensor 
assemblies  located  to  the  left  and  right  of  center.  These  coupons  were  then  impacted  directly  over  the 
PVF2  sensors  with  an  impact  test  rig,  modeled  after  a  NASA  design.  The  impact  tester  consists  of  an 
instrumented  dart  dropped  from  a  tower  with  variable  height.  The  impact  head  has  a  2.54cm  diameter 
hemispherical  end  with  a  force  transducer  inside  to  measme  impact  force.  The  composite  coupons  were 
placed  on  a  wooden  block  and  impacted  from  a  height  of  30cm. 

The  PVF2  sensors  were  also  used  to  monitor  cure  of  a  room  temperature  curing  system.  The  system  used 
was  EPON  828  epoxy  with  triethylene  tetramine  curing  agent.  A  mixture  of  5:1  was  found  to  provide  a 
two  hour  cure  at  room  temperature.  To  provide  an  environment  for  embedding  the  PVF2  sensors  and 
allowing  the  sensor  to  receive  mechanical  input  the  following  system  was  chosen.  Thin  sheet  of  Lexan 
polycarbonate  was  cut  into  strips  2.5cm  x  15cm.  The  whole  was  assembled  by  placing  nylon  mesh 
material  at  both  ends  of  a  Lexan  strip,  leaving  a  space  in  the  middle  for  the  PVF2  sensor.  The  epoxy  was 
then  mixed  and  pomed  over  the  screen  and  Lexan  strip.  A  PVF2  sensor  assembly  was  then  placed  in  the 
gap  between  the  screens  and  more  epoxy  apphed  to  cover  that.  A  second  strip  of  Lexan  was  then  placed 
over  this  and  the  assembly  was  placed  into  a  fixture  that  supported  the  whole  of  the  base  and  clamped  the 
top.  In  this  fashion,  the  epoxy  was  assured  of  a  constant  thickness  and  was  not  in  a  position  to  be 
squeezed  out  from  around  the  sensor.  The  epoxy  was  then  allowed  to  cure  and  the  sensor  was  impulsed  by 
dropping  a  rod  from  a  fixed  height  onto  the  Lexan,  centered  over  the  embedded  PVF2  sensor.  The 
oscilloscope  was  used  to  measure  voltage  response  to  this  impact  at  five  minute  increments  for  four  horns. 

3.  RESULTS 

Figure  1  shows  the  response  of  sensors  embedded  between  glass  fiber/cyanate  ester  sheets  and  cured  for 
two  hours  at  177°C  and  187°C.  It  can  be  seen  that  the  response  is  linear  with  load  in  the  mode  used  where 
a  load  is  quickly  removed  from  the  sample.  This  method  was  chosen  to  avoid  impact  effects.  The 
estimated  stress  under  the  cylindrical  weight  of  lOOg  is  4000  Pa,  the  observed  response  does  then 
correspond  to  a  piezoelectric  coefficient  of  77  pCA^.  Also  shown  are  measmements  on  an  as-received 
film  clamped  between  two  precured  composite  sheets.  The  response  is  weaker  than  in  the  cured  sample. 

Figure  2  shows  the  form  of  the  signal  in  response  to  removing  a  weight  of  80g.  In  principle  a  voltage  step 
should  be  observed  but  signal  leakage  leads  to  a  rapid  decay.  Based  on  a  dielectric  constant  of  13  our 
sensors  have  a  capacitance  of  3.8xlO''®F.  A  leakage  time  of  100  msec  for  an  0.2V  signal  corresponds  to  a 
leakage  resistance  of  about  400  Mohm.  The  leakage  resistance  of  our  samples  exceeds  200  Mohm. 

Unconstrained  PVF2  film  samples  were  also  subjected  to  cure  temperatures.  This  was  accomplished  by 
placing  film  samples  in  the  curing  oven  in  either  aluminum  pans  or  between  glass  slides.  Once  heat 


cycled,  the  films  were  connected  to  the  oscilloscope  and  checked  for  piezoelectric  response  to  tapping. 
When  heated  unconstrained,  the  PVF2  films  shrink  dramatically  and  the  electrodes  turn  white.  When 
tested  for  piezoelectric  response,  the  films  did  not  exhibit  any  voltage  response  to  mechanical  tapping. 

The  peak  voltage  response  of  the  embedded  PVF2  sensor  to  the  metal  rod  impacts  during  the  cyanate  resin 
cure  is  shown  in  figure  3.  The  sensor  response  decreases  with  increasing  temperature  and  goes  to  zero  in 
the  region  of  the  melting  point.  Throughout  the  rest  of  the  cure,  the  sensor  did  not  respond  to  impacts. 
Once  cooled  the  sensor  does  exhibit  piezoelectric  response,  although  at  a  reduced  capacity.  An 
imconstrained  sample  subjected  to  a  similar  cycle  shows  a  more  rapid  loss  of  response  and  no  return  on 
cooling. 

These  results  can  be  compared  with  a  DSC  heating  and  cooling  trace  for  the  same  material  at  10°C/min, 
shown  in  figure  4.  Melting  occurs  at  174°C  and  crystallization  occurs  on  cooling  at  145°C.  As  in  all 
polymers,  there  is  a  melting  range,  which  is  dependent  on  the  processing  conditions,  rather  than  a  sharp 
melting  point.  The  recrystallization  at  145°C  would  be  to  the  alpha  phase  which  occiu's  when  PVF2  is 
cooled  fi'om  the  melt,  but  is  not  piezoelectric. 

The  impact  tester  recorded  force-time  cirrves  for  the  impacts;  a  typical  cirrve  shown  in  figure  5.  The 
impact  tester  takes  data  at  a  fixed  rate  starting  at  a  set  time.  The  impact  event  is  seen  to  occur  over  a  time 
of  about  2  ms.  With  a  peak  force  of  5300N,  this  woirld  generate  a  stress  of  10  Mpa,  if  the  film  were 
rigidly  constrained.  The  PVF2  sensor  was  set  to  acqrtire  data  for  a  set  time  sweep  once  a  signal  of  2  volts 
was  sensed.  The  corresponding  PVF2  sensor  response  is  shown  in  figure  6.  The  sensor  response  is  seen 
as  a  positive  voltage  followed  by  a  negative  voltage,  which  represent  compression  and  tension, 
respectively,  in  the  film.  The  impact  event  as  seen  by  the  embedded  sensor  is  also  about  2  ms. 

Cure  monitoring  of  the  epoxy  system  is  represented  by  the  peak  voltage  sensor  response  to  impact  over 
time,  as  shown  in  figure  7.  The  voltage  response  decreases  as  the  epoxy  cures.  After  120  minutes  the 
sensor  response  has  settled  to  just  below  2  volts,  and  continues  to  decrease  to  around  1  volt  at  200 
minutes. 


4.  DISCUSSION 

The  d33  coefficient  for  the  embedded  PVF2  samples  based  on  weight  removals  comes  out  slightly  larger 
±an  theoiy.  This  may  be  due  to  the  embedding  process  combined  with  the  heating.  It  is  well  known  that 
the  melting  point  of  oriented  polymer  fibers  is  affected  by  constraint.  If  the  polymer  is  free  to  contract  a 
much  lower  melting  point  is  observed,  while  a  clamped  sample  may  melt  above  the  normal  melting  point. 
This  reflects  both  the  thermodynamic  effect  of  chain  elongation  in  reducing  the  melting  entropy  and  the 
physical  cross-linking  by  residual  crystallites  near  the  melting  point.  These  effects  can  explain  why 
orientation  and  the  beta  structure  should  be  retained  after  cycling  to  above  the  normal  melting  point  of 
PVF2.  It  is  less  clear  why  the  poling  should  also  be  retained  since  chain  rotation  between  crosslinks 
should  be  possible  at  the  melting  temperature. 

The  behavior  of  the  as-received  samples  clamped  between  cured  sheets  of  glass  fiber/cyanate  ester  is  likely 
due  to  the  geometry.  The  embedded  sensors  are  very  much  a  part  of  the  composite  while  the  sensor 
clamped  between  sheets  becomes  an  intermediate  layer  and  responds  differently.  The  load  may  not  be 
distributed  evenly  over  the  sensor  area,  and  this  cottld  explain  the  lower  reading. 

The  signal  generated  by  lifting  off  a  weight  (figure  2)  is  a  function  of  the  speed  at  which  the  sample  is 
removed.  This  is  due  to  signal  leakage  and  encouraged  the  use  of  impact  loadings  for  other  experiments. 
Impact  loadings  are  more  complicated  than  step  weights  but  were  formd  to  be  more  repeatable. 

The  result  of  the  impact  testing  (figures  5  and  6)  left  an  indentation  in  the  wood  and  therefore  the  wood 
absorbed  some  of  the  impact.  The  PVF2  sensor  compression  peak  height  corresponds  to  a  stress  of  2.5 
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Mpa,  a  factor  of  4  lower  than  what  the  impact  head  recorded.  This  indicates  that  the  impact  loading  was 
either  distributed  over  the  composite  or  over  time.  The  compressive  load  was  followed  by  a  tensile  load 
suggesting  that  some  reflection  of  the  loading  occurred. 

The  cure  monitoring  results  were  encouraging.  This  system  can  be  viewed  as  a  composite  of  epoxy  and 
PVF2  loaded  in  parallel.  The  load  is  shared  between  the  two  elements  on  the  basis  of  equal  strain.  As  the 
elastic  modulus  of  the  epoxy  rises,  the  stress  carried  by  the  sensor  decreases.  During  curing  the  epoxy 
modulus  is  expected  to  increase  from  about  IMPa  to  about  3GPa.  The  modulus  of  the  PVF2  is  m  the 
region  of  0.3-1  GPa.  If  we  assume  constant  and  approximately  equal  loaded  areas  for  the  sensor  and 
matrix,  the  85%  decrease  in  load  observed  by  the  sensor  corresponds  to  an  increase  in  epoxy  modulus 
from  much  less  than  the  sensor  to  about  6-fold  that  of  the  sensor. 


Thus  the  sensor  does  monitor  the  curing  of  the  resin  in  terms  of  elastic  modulus.  However  in  most  resins, 
the  modulus  increases  to  a  maximum  during  the  precuring  cycle  and  decreases  again  during  heating  to  the 
postcuring  temperature.  The  glass  transition  is  a  much  better  measure  of  extent  of  cure  than  is  the 
modulus  at  any  particular  temperature. 


5.  CONCLUSIONS 

We  have  found  that  piezoelectric  PVF2  can  be  used  as  an  embedded  sensor  in  a  thermosetting  composite 
even  though  the  curing  temperature  is  veiy  near  the  melting  point  of  the  film.  This  has  been  shown  to 
occur  when  there  is  some  constraint  on  the  film  to  inhibit  melting.  The  response  of  an  embedded  PVF2 
sensor  to  step  loadings  with  weights  is  linear.  Embedded  PVF2  sensors  were  also  used  to  detect  impact 
loadings.  For  a  room  temperature  curing  epo)^  system,  embedded  PVF2  sensors  were  used  to  monitor 
cure. 
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Figure  1.  Response  of  PV72  sensor  embedded  in  cyanate  ester  resin  laminate  to  weight  being  removed 
from  directly  over  the  sensor.  Shown  for  two  different  cure  conditions,  and  an  as-recei\ed  sensor  clamped 

between  two  cured  laminate  layers. 


Figure  2.  Oscilloscope  trace  of  PVF2  sensor  response  to  80g  weight  being  removed  Sensor  is  as- 
received  and  was  clamped  between  cured  sheets  of  cyanate  ester  resin. . 
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Figure  3.  As-received  PVF2  sensor  placed  between  cyanate  ester  resin  sheets  and  constrained  with 
aluminum  blocks.  This  assembly  was  then  impacted  with  a  200g  rod  dropped  from  a  height  of  10cm. 
Measurements  taken  while  heating  to  the  cure  temperature  (177=0. 


Figure  4.  DSC  curve  for  PVF2  film  sensors  heated  and  cooled  at  10°C/min. 
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Figure  5  Force  transducer  output  from  impact  testing  head  dropped  from  a  height  of  30cm  onto  a 
of  cvanate  ester  rvith  embedded  PVF2  sensors.  The  composite  coupon  was  supported  by  a 
wooden  block,  and  otherwise  unconstrained. 


Fi<Tire  6.  PVF2  sensor  embedded  within  a  cyanate  ester  laminate  responding  to  the  impact  generated  by 
“  a  2.54cm  hemisphere.  This  curve  corresponds  to  the  force  curve  shown  m  figure  d. 
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Figure  7.  PVF2  sensor  placed  between  sheets  of  polycarbonate,  surrounded  with  EPON  828  epoxv  and 

^ed  at  room  temperature.  The  whole  assembly  was  impacted  during  the  cure  with  a  20g  rod  drooped 
from  a  height  of  8cm.  ® 
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ABSTRACT 

film  form,  may  b  composite  films  of  Ca-modified  lead  titanate  m  polyvmyhdene  fluoride- 

Jemnerarnres  The  observed  mechanical  response  of  these  heterogeneous  materials  is  compared  with  the 
prXfmroflverT^^^^^^^  models  for  sLh  composites.  Preliminary  piezoelectric  results  are  also 

presented. 
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1.  INTRODUCTION 

As  thick-walled  polymeric  composite  stmctures  become  increasingly  utilized,  new  challenges  anse  m 

stmcture.  Sensors  which  can  be  embedded  in  a  composite  are  therefore  advantageous. 

Materials  with  the  potential  to  be  used  for  such  sensors  include  piezoelectric  ceramics.  These 
materials  posaass  a  ^  Jd  "(p'bTiO.f « 

S™“srdTed  feaTiO,  and  PZT 

more  “ited  for  applications  K  microartrators  rMher  ton  ^  ^  larger’ electrical  response.  The 

““"“‘mde  Tt  rcotfficS  o°t  PbTlOi  is  ai°o  lower,  4ich  results  in  a  larger  hydrostatic  piezoelectric 

S^'tadld'for  OTpdkg  in  compost  Hotrever, 

:“hU'^""poltag.>TaL^^  doping  of  PhTiOi  im^oves^Jhe  sinterahility  and  poling 
characteristics  by  reducing  the  anisotropy  and  lowering  the  Curie  temperature. 

Ideally  emhedded  sensors  should  have  mechanical  properties  identical  to  their 


148 


SPIEVol.  3040  •  0277-786X/97/$10.00 


viscoelastic  properties.  The  resulting  composites  retain  the  sensing  capabilities  of  the  PbTiOj,  while 
remaining  compliant.  Such  composites,  when  formed  into  thin  films,  can  be  easily  embedded  in  thicker 
laminate  structures.  Polymer/ceramic  composites  of  this  type  usually  consist  of  either  ceramic  fibers  or  rods 
(1-3  connectivity)  or  ceramic  particles  (0-3  connectivity)  dispersed  in  a  polymer  matrix. 

The  piezoelectric  properties  of  lead  titanate  1-3  composites  have  been  studied  by  Chan  et  al.*^  and 
Ting  et  al.,'^  and  the  piezoelectric  properties  of  lead  titanate  0-3  composites  have  been  studied  by  Chilton  et 
al.,  Dias  et  al.,  '  and  Wenger  et  al.*®  While  1-3  connectivity  composites  possess  better  piezoelectric 
properties  in  general,  the  difficulty  and  cost  of  fabrication  is  a  great  disadvantage.  Composites  with  0-3 
connectivity,  in  contrast,  are  inexpensive  to  fabricate  and  can  be  formed  into  thin  films  much  more  easily. 

The  present  work  considers  thin  film  composites  consisting  of  Ca-modified  PbTi03  particles 
dispersed  in  a  matrix  of  either  epoxy  (Epon828)  or  polyvinylidene  fluoride-trifluoroethylene  (P(VDF- 
TrFE)).  These  matrix  materials  were  chosen  because  the  former  represents  a  popular  matrix  material  in 
laminate  composites,  and  the  latter  is  a  piezoelectric  polymer.  Epon  828  is  a  well  characterized  epoxy  with 
material  properties  similar  to  many  polymeric  laminate  structures.  This  epoxy  has  been  extensively  studied 
by  Agarwal  and  Teufel,^”  Vleeshouwers  et  al.,^‘  and  Engelberg  and  Tesoro,^^  and  extensive  physical  properties 
are  available. 

Pure  PVDF  is  a  thermoplastic  piezoelectric  polymer  which  can  crystallize  into  at  least  four  different 
forms.  The  most  common  form,  which  is  normally  obtained  from  the  melt,  is  non-polar.  The  most 
electroactive  crystal  structure  of  PVDF  is  obtained  by  stretching  the  polymer.  The  copolymer  P(VDF- 
TrFE),  however,  ciystallizes  into  a  piezoelectric  form  directly  from  the  melt  without  the  need  for 
stretching.^^  The  piezoelectricity  of  PVDF  and  P(VDF-TrFE)  has  been  studied  by  Koizumi  et  al.,^'*  Tashiro 
et  al.,^^  Tasaka  and  Miyata,^*  and  Higashihata  et  al.^’ 

Wenger  et  al.'’  are  currently  investigating  the  electrical  and  piezoelectrical  properties  of  Ca-modified 
PbTi03/Epon828  and  P(VDF-TrFE)  0-3  composites.  This  paper  examines  primarily  the  mechanical 
characteristics  of  these  composites.  Viscoelastic  properties  have  been  measured  for  composites  of  various 
ceramic  volume  fractions  and  the  experimental  results  are  compared  with  analytical  and  finite  element 
models.  Some  further  consideration  is  also  given  to  the  piezoelectric  properties. 

2.  MATERIALS  AND  COMPOSITE  FABRICATION 

All  of  the  composite  films  studied  in  this  paper  were  fabricated  by  Wenger  et  al.  at  the  School  of 
Electrical  Engineering  and  Computer  Systems  at  the  University  of  Wales,  Bangor,  U.K.  The  Ca-modified 
PbTi03  was  provided  by  GEC-Marconi  (UK)  and  has  the  following  composition: 

T^0.76^^0.24[Tio,96^0o.02^0.02]®3  MnOj 

The  Curie  temperature  of  the  ceramic  is  260°C  and  the  particle  size  is  typically  between  10p.m  and  60|i.m. 

The  epoxy  resin  is  Epon828  (Shell  Chemical  Company)  and  the  curing  agent  is  K61B  (Anchor 
Chemicals).  The  epoxy/ceramic  composites  were  formed  by  adding  a  few  drops  of  the  curing  agent  and  the 
desired  amount  of  Ca-modified  PbTi03  powder  to  Icm^  of  epoxy.  Stirring  of  the  mixture  resulted  in  an  even 
distribution  of  ceramic  throughout  the  matrix.  The  mixture  was  then  placed  in  a  vacuum  to  remove  air  and 
gases.  After  two  hours  the  still-uncured  composite  was  removed  from  the  vacuum,  placed  on  a  smooth,  clean 
sheet  of  aluminum  foil,  and  returned  to  the  vacuum  for  two  hours  at  60°C.  The  mixture  was  then  removed 
from  the  vacuum  and  a  second  sheet  of  aluminum  foil  was  placed  on  top.  The  composite  was  pressed 
between  two  steel  plates  at  a  maximum  pressure  of  25  MPa,  after  which  it  was  cured  for  two  to  four  hours  at 
60°C.  The  aluminum  foil  was  then  removed,  leaving  behind  a  smooth,  thin  (>100|xm)  unpoled  film. 

Epoxy/ceramic  composite  films  with  average  ceramic  volume  fractions  of  20,  30,  40,  50,  55,  and 
60%  were  supplied.  Pure  epoxy  films  were  also  provided.  Upon  inspection  under  a  scanning  electron 
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microscope  (SEM),  it  was  discovered  that  at  low  ceramic  volume  fractions  (approximately  20-40%),  the 
ceramic  particles  tended  to  settle  to  the  bottom  face  of  the  film,  creating  an  effectively  layered  structure.  It 
is  believed  this  settling  occurred  during  the  curing  phase  of  the  fabrication  process.  Films  with  ceramic 
volume  fractions  greater  than  40%  appeared  to  have  a  uniform  distribution  of  particles  throughout  the 
thickness  (see  Figure  1).  It  was  also  discovered  (by  the  University  of  Wales)  that  during  the  pressing  phase 
of  the  fabrication  process,  the  ceramic  particles  tended  to  migrate  toward  the  edges  of  the  film.  As  a  result, 
different  regions  of  the  film  had  different  local  ceramic  volume  fractions. 


10pm 


Figure  1  -  SEM  Micrograph  of  45%  Epon828/55%  Ca-Modified  PbliOj  Composite 

The  P(VDF-TrFE)  was  obtained  from  Piezotech  and  has  a  75:25  mol%o  composition.  Two  different 
processes  were  used  to  form  the  P(VDF-TrFE)/ceramic  composites.  The  first  process  consisted  of  melting 
the  copolymer  in  a  hot  rolling  mill  at  170°C,  adding  the  Ca-modified  PbTiOj  particles  while  mixing  to  ensure 
even  ceramic  distribution,  then  pressing  the  mixture  at  high  temperature  and  pressure  to  form  a  thin 
(>  100pm),  composite  film.  The  second  process  formed  the  P(VDF-TrFE)/ceramic  composites  by  first 
dissolving  the  copolymer  with  methyl  ethyl  ketone,  then  adding  the  Ca-modified  PbTiOs  particles  while 
mixing,  during  which  some  of  the  ketone  evaporated.  The  mixture  was  then  pressed  at  high  temperature  and 
pressure,  which  released  the  remainder  of  the  ketone.  No  differences  in  the  end  properties  of  the  composites 
have  been  observed  between  the  two  methods  of  fabrication. 

P(VDF-TrFE)/ceramic  composite  films  with  average  ceramic  volume  fractions  of  40,  50,  55,  and 
60%  were  supplied.  Pure  P(VDF-TrFE)  films  were  also  provided.  SEM  inspection  did  not  reveal  settling  of 
the  ceramic  particles  as  with  the  epoxy-ceramic  films  for  these  ceramic  volume  fractions.  There  were 
variations  in  the  local  ceramic  volume  fractions  at  different  regions  of  the  films,  although  not  as  pronounced 
as  in  the  epoxy  matrix  composites.  This  may  be  due  to  the  higher  viscosity  of  the  copolymer  solution 
throughout  the  fabrication  process. 

3.  MECHANICAL  TESTING 

Mechanical  testing  of  the  composite  films  was  performed  using  a  Rheometrics  Solids  Analyzer  II 
(RSAII).  The  RSAII  is  a  strain-driven  testing  machine  capable  of  measuring  the  viscoelastic  properties  of 
films,  fibers,  foams,  composites,  and  elastomers,  depending  on  which  tooling  fixtures  are  used.  The  film 
fixtures  used  for  this  work  consist  of  grips  attached  to  an  actuator  and  a  force  transducer  mounted  in  the  test 
station  (see  Figure  2).  A  test  specimen  is  inserted  into  the  grips.  During  a  test,  the  actuator  induces  a 
prescribed  strain  in  the  specimen  and  the  resulting  force  is  measured  with  the  transducer.  A  convection  oven 
is  used  to  perform  tests  at  temperatures  from  ambient  to  500°C. 
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Figure  2  -  The  Rheometrics  Solids  Analyzer  II  (RSAII) 

Constant  strain  rate,  frequency  sweep,  stress  relaxation,  creep,  and  temperature  ramp  tests  can  be 
performed  using  the  RSAII.  All  test  parameters  are  specified  through  a  personal  computer,  which  relays  the 
information  to  a  control  computer,  linked  to  the  test  station.  Viscoelastic  properties  such  as  storage  and  loss 
moduli  are  determined  for  each  test.  The  testing  equipment  has  a  displacement  resolution  of  ±lp.m,  a  force 
measurement  sensitivity  of  9.8  ImN,  and  a  maximum  force  of  9.8 IN.  The  actual  testing  frequency  range  is 
0.001  to  100  rad/sec,  although  time-temperature  superposition  can  be  used  to  cover  a  much  larger  effective 
frequency  range. 

Before  performing  a  test  on  the  composites,  the  films  must  be  cut  into  narrow  specimen  strips.  A 
diamond  wheel  saw  is  used  to  section  the  film,  resulting  in  strips  with  relatively  smooth,  parallel  edges.  The 
epoxy/ceramic  composites  specimens  are  cut  into  strips  approximately  0.8mm  wide,  while  the  P(VDF- 
TrFE)/ceramic  composite  specimens  are  cut  to  widths  of  approximately  1.5mm.  The  composite  specimens 
are  then  cleaned  with  methanol  and  placed  in  a  dessicator  to  remove  any  remaining  moisture.  Because  the 
ceramic  volume  fraction  is  not  uniform  throughout  the  film,  the  dimensions  and  weight  of  each  composite 
specimen  are  measured.  From  these  measurements,  and  using  the  knovm  densities  of  the  ceramic  and  matrix 
materials,  the  average  ceramic  volume  fraction  is  calculated  for  each  strip.  The  specimen  is  then  inserted  in 
the  grips  and  tested.  The  actual  test  length  of  the  specimens  is  approximately  23mm. 

This  work  will  focus  primarily  on  the  viscoelastic  properties  of  compliant  "smart"  composites 
acquired  through  two  mechanical  tests; 

•  Frequency  Sweep  -  A  frequency  sweep  test  consists  of  inducing  a  fixed-amplitude  oscillatory  strain 
in  a  specimen  at  constant  temperature  (all  frequency  sweep  tests  were  performed  at  room 
temperature).  The  storage  and  loss  moduli  of  each  specimen  are  measured  over  a  range  of 
oscillatory  frequencies  (0.01  to  100  rad/sec  for  the  epoxy/ceramic  composites  and  0.1  to  100 
rad/sec  for  the  copolymer/ceramic  composites). 

•  Frequency-Temperature  Sweep  -  A  frequency-temperature  sweep  test  is  simply  a  series  of 
frequency  sweep  tests  performed  for  a  given  specimen  over  a  range  of  temperatures.  The  resulting 
curves  are  then  shifted  using  time-temperature  superposition  to  create  a  master  curve  of  the 
viscoelastic  moduli,  covering  a  wider  range  of  frequencies  at  a  fixed  reference  temperature.  All 
master  curves  used  in  this  work  have  been  referenced  to  room  temperature.  Temperature  ranges 
were  from  room  temperature  (approximately  21°C)  to  100°C  for  the  epoxy/ceramic  composites 
and  from  room  temperature  to  approximately  ISO^C  for  the  copolymer/ceramic  composites. 

The  strain  amplitudes  were  kept  relatively  small  (0.08%  for  the  epoxy/ceramic  composites  and 
0.02%  for  the  copolymer/ceramic  composites)  in  order  to  ensure  that  all  specimens  would  remain  in  the 
linear  viscoelastic  range  during  the  tests. 
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Viscoelastic  Properties 

A  perfectly  elastic  material  has  a  real  Young’s  modulus  E  which  is  related  to  the  bulk  modulus  K  and 
the  shear  modulus  |i.  The  Young’s  modulus  of  a  viscoelastic  material,  however,  is  replaced  by  a  complex 
Young’s  modulus  E*  composed  of  a  real  storage  modulus  E'  and  an  imaginary  loss  modulus  E":  E*  =  E'+iE". 
The  storage  modulus  is  related  to  the  recoverable  energy  due  to  elastic  behavior,  and  the  loss  modulus  is 
related  to  energy  lost  due  to  viscous  effects.  The  ratio  of  loss  modulus  to  storage  modulus  is  referred  to  as 
the  loss  tangent:  tan5E=E’7E'.  Similarly,  the  bulk  and  shear  moduli  may  be  complex  properties,  and  a  loss 
tangent  is  related  to  each  of  these  quantities. 

4.  EXPERIMENTAL  RESULTS 
Epon828  and  Epon828/Ca-Modifled  PbTiOa  Composites 

The  master  curves  for  the  pure  epoxy  and  an  epoxy/Ca-modified  PbTiOs  cpmposite  containing  44% 
ceramic  are  shown  in  Figure  3.  It  is  apparent  that  the  viscoelastic  properties  are  frequency  dependent  for 
both  materials.  This  dependence  is  not  as  pronounced  at  frequencies  above  approximately  10'^  rad/sec, 
where  the  epoxy  behaves  as  a  glassy  polymer.  However,  as  the  frequency  decreases  from  10'^  rad/sec  the 
properties  change  rapidly.  These  transitions  correspond  to  the  glass  transition  region  of  the  polymer,  since 
these  measurements  were  taken  at  temperatures  near  and  above  the  glass  transition  temperature  of  the  epoxy 
(measured  at  approximately  65°C).  As  expected,  the  composite  is  much  stiffer  than  the  pure  epoxy,  except 
at  very  low  frequencies,  where  the  behavior  of  the  matrix  dominates.  The  increase  in  the  loss  tangents  as 
the  frequency  decreases  indicates  the  relative  growth  of  viscous  losses  to  stored  energy.  Note  that  it  is 
unlikely  that  these  composites  will  be  used  to  sense  such  low  frequency  response. 


10’°  10'®  10'®  lO"*  10’^  10°  10^ 

Frequency  (rad/sec) 

Figure  3  -  Epon828  and  56%  Epon828/44%  Ca-Modified  PbTi03  Composite  Master  Curves 

A  plot  of  the  epoxy/ceramic  composite  storage  modulus  and  loss  tangent  versus  ceramic  volume 
fraction  at  a  fixed  frequency  of  10  rad/sec  is  shown  in  Figure  4  (similar  behavior  is  observed  at  other 
frequencies).  The  ceramic  is  assumed  to  be  totally  elastic  with  a  modulus  of  127.6  GPa'*  and  a  loss  tangent 
equal  to  zero.  It  is  clear  that  as  the  amount  of  ceramic  increases,  the  composite  becomes  stiffer.  However, 
even  at  60%  particle  content,  the  composite  storage  modulus  is  closer  to  that  of  the  epoxy  matrix  than  the 
ceramic.  While  the  loss  tangents  of  the  composites  tested  appear  to  be  scattered  between  0.015  and  0.025, 
all  are  above  the  loss  tangent  of  the  pure  epoxy.  This  is  not  intuitively  expected;  as  the  amount  of  ceramic 
increases,  and  hence  the  amount  of  polymer  decreases,  the  viscous  response  should  decline  and  the  composite 
should  behave  more  elastically.  Therefore  the  loss  tangent  should  ideally  decrease  with  increasing  ceramic 
volume  fraction.  However,  this  reasoning  assumes  perfect  bonding  between  the  matrix  and  particles.  The 
increase  in  loss  tangent  of  the  composites  may  be  a  result  of  interface  defects.  Friction  due  to  sliding  contact 
between  the  ceramic  and  epoxy  or  debonding  of  the  particles  may  be  responsible  for  the  increase  in  tanSg.  It 
also  appears  for  the  composites  tested  that  as  the  volume  fraction  of  ceramic  increases,  the  loss  tangent 
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tends  to  decrease.  A  possible  reason  for  this  behavior  is  that  as  the  ceramic  volume  fraction  increases  from 
zero,  the  losses  due  to  interfaces  dominate  and  the  loss  tangent  increases.  At  some  point,  though,  the  effect 
of  the  interfaces  reaches  a  maximum,  and  increasing  the  amount  of  ceramic  does  not  increase  the  amount  of 
interface  losses  (perhaps  due  to  particle  contiguity).  Since  the  viscous  effects  decrease  as  the  amount  of 
ceramic  increases,  the  loss  tangent  would  then  begin  to  decrease.  Further  study  is  necessary  to  determine  if 
interfaces  are  indeed  the  cause  of  the  higher  lossy  behavior. 
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Figure  4  -Storage  Moduli  and  Loss  Tangents  of  Epon828/Ca-Modified  PbTiOs  Composites 
P(VDF-TrFE)  and  P(VDF-TrFE)/CaIcium-Modified  PbTiOs  Composites 

The  master  curves  for  the  pure  P(VDF-TrFE)  and  a  P(VDF-TrFE)/Ca-modified  PbTiOs  composite 
containing  56%  ceramic  are  shown  in  Figure  5.  Unlike  the  Epon828,  the  glass  transition  temperature  of  the 
copolymer  is  below  room  temperature  (approximately  -40°C^‘‘).  As  a  result,  the  transitions  which  were 
apparent  in  the  epoxy  and  epoxy/ceramic  composites  are  not  observed  in  these  materials.  Moreover,  the 
storage  moduli  increase  almost  linearly  with  frequency  over  the  range  measured.  As  before,  the  composite  is 
stiffer  than  the  pure  polymer,  and  the  loss  tangents  increase  as  the  frequency  decreases. 
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Figure  5  -  P(VDF-TrFE)  and  44%  P(VDF-TrFE)/56%  Ca-Modified  PbTi03  Composite  Master  Curves 

A  plot  of  the  copolymer/Ca-modified  PbTi03  composite  storage  modulus  and  loss  tangent  versus 
ceramic  volume  fraction  at  a  fixed  frequency  of  10  rad/sec  is  shown  in  Figure  6  (similar  behavior  is  observed 
at  other  frequencies).  As  with  the  epoxy-matrix  composites,  the  copolymer-matrix  composites  become 
stiffer  with  increasing  amounts  of  ceramic.  Again,  the  storage  moduli  of  all  the  composites  tested  are  closer 
to  that  of  the  polymer  matrix  than  the  ceramic.  Also,  as  with  the  epoxy-matrix  composites,  the  loss 
tangents  of  the  copolymer  composites  are  larger  than  that  of  the  P(VDF-TrFE)  alone.  Again,  this  may  be 
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due  to  interface  defects.  It  also  appears  for  the  composites  tested  that  as  the  volume  fraction  of  ceramic 
increases,  the  loss  tangent  tends  to  increase.  A  possible  reason  for  this  behavior  is  that  as  the  ceramic 
volume  fraction  increases,  the  number  of  interfaces  increases.  If  the  bonding  between  the  matrix  and 
particles  is  consistently  weak  for  all  volume  fractions,  then  as  the  number  of  interfaces  increases,  the  losses 
due  to  the  interfaces  increases. 
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Figure  6  -  Storage  Moduli  and  Loss  Tangents  of  P(VDF-TrFE)/Ca-Modified  PbTiOs  Composites 

5.  MECHANICAL  MODELING 


Analytical  Model 

The  analytical  model  which  is  used  to  describe  the  viscoelastic  properties  of  these  0-3  composites 
was  developed  by  Hashin.^*  This  model  uses  equations  developed  by  Eshelby  and  Hashin  for  the  bulk  and 
shear  moduli  of  elastic  particulate  composites,  and  applies  them  to  a  viscoelastic  particulate  composite  with 
the  following  assumptions; 

•  The  particles  are  purely  elastic. 

•  The  matrix  is  viscoelastic  in  shear  and  purely  elastic  in  hydrostatic  loading;  K’=K,n,  K’-O. 

•  The  matrix  shear  loss  tangent  is  small  so  that;  (tan^6^)n,«  1 . 

The  0-3  composite  is  modeled  as  a  heterogeneous  material  made  up  of  numerous  cells,  each 
containing  one  particle.  The  particles  are  assumed  to  be  perfect  spheres  surrounded  by  a  spherical  shell  of 
matrix  material  (see  Figure  7).  While  all  cells  are  not  the  same  size,  the  ratio  of  the  particle  radius  to  the 
outer  radius  of  the  matrix  shell  is  fixed  for  all  cells.  This  ratio  is  equal  to  the  particle  volume  fraction,  c. 
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Complex  Bulk  Moduli 

For  the  perfectly  elastic  0-3  composite,  modeled  according  to  Figure  7,  the  effective  bulk  modulus  K  was 
obtained  as:^’ 


^  (K,-K„)(4p,+3KJc 
"■  4p„+3Kp-3(K,-KJc 


(1) 


where  the  subscripts  m  and  p  refer  to  the  matrix  and  particle  material  respectively,  and  |j,^  is  the  matrix 
shear  modulus.  The  real  and  complex  viscoelastic  bulk  moduli  are  determined  by  replacing  the  matrix  shear 
modulus  with  its  complex  components: 


K'  =  K„  + 


(K,-KJ(4p',„+3KJc 
4p-„+3K  -3(K  -KJc 


and 


K"= 


Kp-K„ 


4p',„+3K  -3(K  -KJc 


12n"„c(l-c) 


(2) 

(3) 


Complex  Shear  Moduli 

The  effective  shear  modulus,  ji,  of  an  elastic  particulate  composite  was  obtained  as:^® 


1  + 


1  cd-ch^ 

— +  A(l-c)-  '  ,  ’ 

Y-1  Bc’+C 


(4) 


where  y=  Hp/|Xm.  and  A,  B,  and  C  are  functions  of  y  and  the  Poisson’s  ratios  of  the  matrix  and  particle 
materials.  The  values  of  the  Poisson’s  ratios  used  in  modeling  the  composites  are  0.205  for  the  Ca-modified 
PbTi03,''  0.36  for  the  Epon828^®,  and  0.392  for  the  P(VDF-TrFE)^’.  The  real  part  of  the  complex  shear 
modulus  of  the  composite,  p' ,  is  found  by  replacing  with  p'  in  (4).  The  imaginary  part  of  the  complex 

shear  modulus  is  calculated  from  the  composite  effective  shear  loss  tangent  p"=p'tan5p  where  the  effective 
shear  loss  tangent  is  determined  from: 


tanSp  = 


(v:  ^ 

m 

r  3A  ^ 

1  A'  j 

(5) 


The  effective  complex  Young’s  modulus  of  the  composites  are  computed  from  the  effective  complex  bulk 
and  shear  moduli. 

Finite  Element  Model 

In  addition  to  the  analytical  model,  these  viscoelastic  particulate  composites  were  also  modeled  using 
the  finite  element  program  ABAQUS.  The  composites  are  idealized  as  an  array  of  space-filling  hexagonal 
cells,  and  the  behavior  of  a  hexagonal  cell  is  further  approximated  by  an  axisymmetric  cell  consisting  of  a 
spherical  particle  in  a  cylinder  of  matrix.  Only  one  quarter  of  the  cross-section  of  a  cell  is  considered  due  to 
the  symmetry  of  the  model  (see  Figure  8).  An  oscillatory  displacement  is  applied  to  the  nodes  at  the  top  of 
the  cell.  The  nodes  along  the  x-axis  are  restricted  to  movement  only  in  the  x-direction,  and  the  nodes  along 
the  y-axis  are  restricted  to  movement  only  in  the  y-direction.  Further  boundary  conditions  are  imposed  by 
constraining  all  nodes  along  the  top  of  the  cell  to  move  with  the  same  displacement  in  the  y-direction,  and 
all  nodes  along  the  outer  (right)  side  of  the  cell  to  move  with  the  same  displacement  in  the  x-direction.  The 
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viscoelastic  properties  of  the  composite  are  calculated  from  the  reaction  force  and  phase  angle  which  are 
extracted  from  the  model.  As  with  the  analytical  model,  the  particles  are  assumed  to  be  elastic. 


Ceramic 


Figure  8  -  Composite  Unit  Cell  Finite  Element  Model 

Figures  9  and  10  compare  the  experimental  storage  moduli  and  loss  tangents  with  the  predicted 
properties  for  the  two  composite  materials.  Both  analytical  and  computational  models  predict  the  storage 
moduli  fairly  well  for  the  ceramic  volume  fractions  tested,  although  the  finite  element  model  is  slightly  more 
accurate.  It  should  be  noted  that  in  practice,  these  composites  will  not  contain  more  than  65%  ceramic  due 
to  poor  film  quality  at  higher  volume  fractions. 
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Figure  9  -  Experimental  and  Predicted  Storage  Moduli  and  Loss  Tangents  of 
Epon828/Ca-Modified  PbTi03  Composites 
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Figure  10  -  Experimental  and  Predicted  Storage  Moduli  and  Loss  Tangents  of 
P(VDF-TrFEyCa-Modified  PbTiOs  Composites 
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Both  analytical  and  computational  models  assume  perfect  bonding  between  the  particles  and  matrix, 
and  hence,  the  predicted  loss  tangents  decrease  with  increasing  ceramic  content.  The  next  step  in  modeling 
these  composites  is  to  introduce  a  third  (interphase)  layer  between  the  ceramic  and  polymer  which  will 
represent  the  interface.  The  bulk  and  shear  moduli  of  this  phase  can  then  be  manipulated  to  represent  slip 
and  debonding  conditions. 


6.  PIEZOELECTRIC  EFFECTS 

Preliminary  results  on  the  piezoelectric  response  of  these  composites  under  mechanical  loads  are  now 
presented.  P(VDF-TrFE)/Ca-modified  PbTiOa  composites  with  ceramic  volume  fractions  of  approximately 
55%  and  60%  have  been  poled  successfully.  This  was  achieved  by  first  depositing  gold-palladium  electrodes 
(approximately  lOOOA  thick)  on  the  composite  films,  which  were  then  placed  between  two  stainless  steel 
plates  and  submerged  in  a  bath  of  insulating  silicon  oil  (see  Figure  1 1).  The  oil  was  heated  to  approximately 
100°C  while  an  electric  (DC)  field  was  gradually  applied  across  the  plates.  The  field  strength  was  increased  to 
a  maximum  of  25MV/m  and  remained  at  that  level  for  30  minutes.  The  oil  bath  was  then  cooled  to  room 
temperature,  after  which  the  electric  field  was  gradually  decreased  to  zero.  The  poled  films  were  sectioned 
into  specimens  as  previously  described. 


High  Voltage 
DC  Power  Supply 


Figure  1 1  -  Poling  Apparatus 

The  piezoelectric  response  of  these  composites  is  measured  by  performing  constant  frequency  tests 
using  the  RSAII.  A  poled  specimen  is  placed  in  the  grips  and  wire  leads  are  attached  to  the  electrodes.  These 
leads  connect  to  an  oscilloscope  which  measures  the  voltage  output  across  the  thickness  of  the  film.  The 
strain  signal  from  the  RSAII  is  also  sent  to  the  oscilloscope. 

Figure  12  shows  the  electrical  response  and  strain  for  a  P(VDF-TrFE)/Ca-modified  PbTiOa  composite 
with  60%  ceramic  at  100  rad/sec  and  room  temperature.  It  is  apparent  that  there  is  a  phase  difference 
between  the  electrical  response  and  the  applied  strain,  indicating  that  the  piezoelectric  coefficients  are 
complex  quantities.  These  coefficients  have  also  been  found  to  depend  on  the  frequency  of  the  applied 
strain. 
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Figure  12  -  Piezoelectric  Response  of  40%P(VDF-TrFE)/60%Ca-Modified  PbTiOj  Composite,  at  100  rad/sec 

7.  SUMMARY 

The  viscoelastic  and  piezoelectric  properties  of  0-3  composites  consisting  of  Ca-modified  PbTi03 
particles  in  P(VDF-TrFE)  and  Epon828  matrices  have  been  investigated.  The  frequency  response  of  these 
composites  with  ceramic  volume  fractions  between  40%  and  63%  were  studied.  As  expected,  the  composites 
behave  stiffer  as  the  frequency  increases.  The  composites  also  become  stiffer  with  increasing  amounts  of 
ceramic;  however,  the  stiffness  is  dominated  by  the  matrix  at  ceramic  volume  fractions  below 
approximately  60%.  The  loss  tangents  of  the  composites  tested  were  generally  larger  than  those  of  the 
matrix  materials,  indicating  possible  interface  losses. 

Analytical  and  computational  models  have  been  shown  to  predict  the  storage  moduli  of  the 
composites  fairly  well.  However,  both  models  predict  a  decrease  in  the  loss  tangent  with  increasing  amounts 
of  ceramic,  whereas  the  experimental  results  show  an  increase  in  the  loss  tangent.  This  is  possibly  due  to  the 
perfect  bonding  assumptions  inherent  in  the  models.  Future  work  will  consider  the  effect  of  the  interfaces  on 
the  viscoelastic  properties  of  the  composites. 

P(VDF-TrFE)/Ca-modified  PbTiOj  composite  films  have  been  poled  successfully  and  preliminary 
results  show  that  the  piezoelectric  coefficients  of  these  composites  are  complex.  The  piezoelectric  response 
is  presently  being  investigated  more  thoroughly,  particularly  with  respect  to  the  effects  of  frequency  and 
ceramic  volume  fraction.  Thermal  effects  will  also  be  considered. 
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Polymers  are  ubiquitous  in  nature,  owing  to  their  use  as  both  structural  and  active  components  in  dynamic, 
living  systems.  From  a  synthetic  point  of  view  man  has  utilised  the  excellent  structural  properties  of 
polymers  (light  weight/high  strength)  for  some  decades  now.  However,  the  integration  of  active 
fimctional  polymers  into  engineered  systems  and  structures  is  a  more  recent  endeavour  with  numerous 
challenges  still  to  be  overcome. 

Conducting  electroactive  polymers  such  as  polypyrroles,  polythiophenes  and  polyanilines  are  a 
fascinating  group  of  functional  polymers.  They  are  electronic  conductors  and  in  addition  they  respond  to 
chemical  or  electrical  stimuli  in  a  munber  of  ways  (Schematic  1).  They  are  truly  electrofunctional 
polymers. 

This  xmique  combination  of  properties  has  led  to  the  use  of  conducting  polymers  for  electronic  components 
(1,  2),  chemical  sensors  and  biosensors  (3,  4),  membranes  for  solution  (5,  6)  or  gas  (7,  8)  separations, 
electromechanical  actuators  (9,  10),  electro-optical  devices  (11,  12),  biomaterials  capable  of  controlled 
release  of  drugs  or  stimulation  of  biological  processes  (13, 14),  and  for  corrosion  protection  (15). 
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Schematic  1:  The  unique  attributes  of  Conducting  Electroactive  Polymers 


Each  of  these  applications  requires  the  ability  to  form,  process  and  fabricate  the  conducting  polymer  in  a 
way  that  enables  a  range  of  chemical  compositions  to  be  produced.  For  example,  when  formed 
polypyrroles  have  the  following  general  formula: 


The  composition  and  hence  the  chemical,  physical,  mechanical  and  electrofunctional  properties  of  the 
pol)m\er  can  be  manipulated  by  control  of  X,  Y  or  A”.  Chemical  derivatisation  to  attach  X  or  Y  is  a  time 
consuming  and  expensive  option  that  often  deteriorates  the  mechanical  or  electrical  properties  of  the 
pol5uner.  Variation  of  A"  during  electrosynthesis  according  to: 
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However  is  a  more  convenient  and  favoured  option  (16).  Electrosynthesis  enables  a  wide  range  of 
counterions  to  be  incorporated  from  the  supporting  electrolyte  employed.  In  addition,  the  energy  injected 
into  the  system  can  be  controlled  in-situ,  enabling  accurate  and  dynamic  control  of  the  polymerisation 
process.  These  attributes  of  electrosynthesis  are  particularly  important  for  processing  of  bioactive 
materials  where  "delicate"  entities  such  as  enzymes  (17),  other  proteins  (18)  or  even  whole  hving  cells 
(19)  need  to  be  incorporated. 

Another  requirement  is  to  produce  the  conducting  polymers  in  a  number  of  shapes  or  forms  that  enables 
micro  devices  (eg.  for  sensors)  or  larger  structures  (eg.  coatings  for  membranes  or  corrosion  protection)  to  be 
produced. 

Recent  advances  in  the  electroassembly  of  conducting  polymers  as  well  as  structiu-es  or  devices  containing 
them,  addresses  each  of  these  issues.  This  manuscript  uses  examples  from  our  own  laboratories  to 
illustrate  the  usefulness  of  electroprocessing  of  conducting  polymers. 

EXPERIMENTAL 

PPy-Urease  Film  Formation 

A  platinum  working  electrode  was  employed  for  deposition  of  the  jx>l)q>yrrole  film.  The  polypyrrole- 
urease  film  was  formed  with  0.5  M  pyrrole  and  4000  mg/L  urease.  A  three  electrode  voltammetric  cell  was 
used  for  all  electropolymerisation  procedures.  Pt  and  Ag/AgQ  were  the  auxiliary  and  reference 
electrodes  respectively.  A  ciurent  density  of  03  mA/cm^  was  applied  between  the  working  and  auxiliary 
electrodes  for  a  period  of  3  minutes  to  promote  polyp)rrrole  formation.  Samples  for  amino  acid  analysis 
were  electropolymerised  for  60  minutes  onto  a  platinrim  sheet  electrode  (surface  area  2  cm^). 

Instrumentation 

A  potentiostat/galvanostat  designed  and  built  at  the  University  of  Western  Sydney  (Nepean)  was 
employed  for  the  electropolymerisation.  The  cyclic  voltammogranns  were  performed  on  a  BAS  lOOB 
analyser  from  Bioanalytical  Systems  Inc  which  was  computer  controlled  and  attached  to  a  colour  plotter. 
A  Waters  Picotag  amino  acid  analyser  was  utilised  for  the  determination  of  amino  acids  in  the  conductive 
polymer. 

Chemicals  and  Standard  Solutions 

The  p}TTole  was  distilled  under  water  vacuum  prior  to  use  and  was  stored  covered  with  aluminium  foil  in 
the  refrigerator  to  prevent  UV  degradation.  The  KCl,  NaH2P04.2H20,  Na2HP04  and  urea  were  of  AR 
grade  purity. 
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Ptoceduie 

After  electropolymerisation  the  polymer  was  rinsed  several  times  with  milli-Q  water  to  remove  any 
weakly  bound  urease  molecules.  The  experimental  parameters  used  for  the  cyclic  voltammetry  were  as 
follows:  deoxygenation  period,  300  s;  number  of  cycles,  3;  scan  rate  varied;  initial  potential,  600  mV  and 
final  potential,  -900  mV. 

The  polymer  film  used  for  the  amino  add  analysis  was  grown  on  a  platinum  sheet.  The  film  was  removed 
from  the  substrate  by  heating  to  110*C  and  it  was  jjeeled  away  from  the  platinmn  surface,  and  finally 
weighed  on  a  microbalance.  The  polymer  was  then  placed  into  hydrolysis  tubes  and  frozen  at  -3*C  until 
analysed.  The  amino  add  detection  was  based  upon  the  Waters  Picotag  standard  procedure. 

RESULTS  AND  DISCUSSION 

Variable  Polymer  Composition 

Conducting  polymers  can  be  coated  on  to  other  conductors  by  direct  electroplating  using  a  conventional 
electrochemical  cell.  The  composition  may  be  varied  by  changes  in  A".  However  in  some  cases  this  may 
compromise  the  electronic  or  mechanical  properties  of  the  polymer  to  an  unacceptable  extent.  In  recent 
work  we  have  shown  how  even  subtle  changes  in  the  molecular  structure  of  some  sulfonated  aromatics  (as 
A")  can  influence  the  mechanical  and  electrical  properties  of  the  resultant  polymer  (20).  It  is  also 
important  to  ensure  that  the  functional  properties  of  A'  are  not  compromised  by  the  incorporation  process. 

Consequently  the  molecular  structure  of  A"  is  important  and  ideally  the  anchoring  site  ©  should  be 

separated  from,  yet  in  close  proximity  to  the  (bio)  chemically  active  site  (Schematic  2a).  For  example,  in 
designing  a  polymer  for  metal  complexation  (21)  or  protein  interactions  (22)  incorporation  of  a  range  of 
sulfonated  dyes  has  proven  particularly  useful.  Another  successful  approach  involves  the  incorporation  of 
multifunctional  macromolecular  polyelectrol5des  (Schematic  2b).  Again  the  functionality  to  be  introduced 
can  be  separated  from  the  anchoring  sites  to  introduce  the  chemical  properties  while  maintaining  the 
physical  and  electrical  properties  required. 
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Schematic  2a 


0  Anchoring  sites 
#  Active  sites 


Direct  incorporation  of  biomacromolecular  species  is  also  an  exciting  alternative.  Enzymes,  antibodies  or 
living  cells  in  themselves  could  be  considered  |x>lyelectrolytes  (Schematic  2c)  capable  of  introducing 
biochemical  properties  to  the  resultant  CP  structure!!  Hence  the  incorporation  of  such  entities  can  be 
carried  out  without  loss  of  bioactivity.  Some  work  we  have  carried  out  in  this  area  however  serves  to 
highlight  the  importance  of  optimising  the  parameters  encountered  during  the  electropolymerisation 
process  and  this  is  discussed  below. 

Phosphate  Buffer  as  the  Electrol)de  for  Electropol3rmerisation 

Most  incorporation  experiments  of  enzyme  into  a  polymer  are  performed  in  phosphate  or  tris  buffers. 
These  buffers  maintain  a  constant  pH  which  is  critical  for  maximum  eniymatic  activity.  The  addition  of 
phosphate  buffer  increased  the  initial  polymerisation  potenticd  from  500  mV  to  2000  mV  over  50  seconds 
when  galvanostatic  growth  was  employed.  The  potential  for  the  polypyrrole-phosphate  system 
continued  to  increase  slowly  after  this  time.  After  50  seconds,  the  potential  for  the  polypyrrole- 
phosphate-urease  reaction  began  to  decrease.  The  reduction  of  potential  occurred  because  there  was  an 
increase  in  conductivity  due  to  the  formation  of  polypyrrole.  The  chronopotentiogram  obtained  in  a 
phosphate  buffer  showed  that  no  polymerisation  occurred  during  the  reaction,  as  the  potential  continued 
to  increase  as  a  function  of  time,  and  it  was  also  visually  observed  that  no  polymer  was  deposited. 
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The  Effect  of  Chloride  Ions  in  the  Polymerisation  Solution 

The  voltammograms  for  polyp3rrrole-urease  films  formed  with  urease  and  var5ting  concentrations  of 
potassium  chloride  were  recorded.  An  increase  in  the  Cl"  ion  concentration  with  a  constant  urease 
concentration  of  4000  mg/L  caused  a  reduction  in  the  pol5nnerisation  potential,  and  this  corresponded  to  an 
increase  in  the  amount  of  polymer  deposited  on  the  substrate. 

The  chloride  concentration  in  the  polymerisation  electrolyte  had  a  significant  effect  on  the  cyclic 
voltammetric  behaviour  of  the  electroactive  polymers  formed,  as  illustrated  in  Figure  1  (Sammy  good 
copy).  At  the  lower  chloride  concentrations  (0.01-0.001  M)  the  cyclic  voltammogram  resembled  that  of  a 
polypyrrole-urease  film.  At  higher  chloride  concentration  (0.1  M)  the  voltammogram  was  identical  to 
that  of  a  polypyrrole-chloride  film.  Evidently,  the  cyclic  voltammogram  was  dominated  by  the  more 
conductive  and  mobile  coimterion.  The  enzyme  has  only  a  small  negative  charge  due  to  the  carboxyl  group 
on  the  amino  acids,  and  is  much  more  bulky  than  Q".  Therefore,  the  enz5une  is  less  likely  to  be 
incorporated  into  the  pol5rpyrrole  film  than  the  chloride  ion. 


Table  1  shows  the  concentration  of  amino  acids  found  in  the  polymer  film  as  a  function  of  the  concentration 
of  KQ.  The  results  show  generally  a  reduction  in  the  concentration  of  urease  in  the  films  when  KQ  was 
added  to  the  electropolymerisation  solution. 


Table  1 

Amino  acid  composition  of  polypyrrole-urease  films  produced  with  varying  concentrations  of  potassium 
chloride  and  4000  mg/L  of  urease. 

Polypyrrole  Film 

[Total  Amino  Acid] 

(mg/g  Polymer) 

0.1  M  KQ  &  Urease 

62  ±  1.5 

0.01  M  KCl  &  Urease 

1.8  ±  0.4 

0.001  M  KQ  &  Urease 

2.9  ±  0.5 

Urease  in  water 

20.1  ±  2.4 

The  bioactivity  of  the  incorporated  enzyme  was  deduced  from  results  obtained  using  the  conducting 
polymer  as  a  potentiometric  biosensor  (17).  The  effect  of  chloride  ion  concentration  on  the  magnitude  of 
the  response  of  the  polypyrrole  urease  potentiometric  biosensor  was  investigated.  The  greatest  potential 
change  was  obtained  when  the  polypyrrole-urease  film  was  grown  from  urease  dissolved  in  water  and 
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pyrrole.  The  pol5^yrrole-urease  film  grown  in  phosphate  buffer,  1  mM  at  pH  7,  somewhat  inhibited  the 
urea  response.  This  may  be  due  to  the  phosphate  ions  competing  for  the  counterion  positions  or  by  the 
inhibition  of  the  enzymatic  reaction. 

The  above  results  indicate  that  the  incorporation  of  biomacromolecular  "polyelectrolytes"  is  possible  and 
that  the  species  can  be  anchored  while  bioactivity  is  retained.  The  addition  of  other  small  molecules  to 
the  electropolymerisation  solution  enhances  the  electrochemical  properties  of  the  resultant  polymer  but 
compromises  the  bioactivity. 

From  Microstructures  to  Maaostructures 

Recent  advances  in  electropolymerisation  protocols  allows  either  micron  sized  devices  or  macrostructures 
to  be  coated.  Micron  sized  devices  can  be  coated  directly  if  the  substrate  to  be  coated  is  conductive  (23).  For 
example,  silicon  coated  chips  produced  by  photolithographic  techniques  can  be  used  to  provide  the 
conducting  pattern.  Interestingly  deposition  on  small  structures  is  not  efficient  due  to  the  enhanced 
transport  from  the  electrode  surface  (24).  This  is  particularly  so  when  larger  molecules  are  to  be 
incorporated  (21).  For  example,  attempts  to  directly  deposit  antibodies  or  enzjones  have  not  been 
successful  in  work  carried  out  in  our  laboratories.  Recently,  however,  we  have  found  that  deposition  of 
larger  molecules  can  be  enhanced  by  precoating  the  micro  structure  with  an  insoluble  polyelectrolyte  such 
as  Nation  (21). 

To  coat  larger  structures  (eg.  high  surface  area  membranes)  directly  by  using  electrochemical  techmques 
may  not  be  appropriate.  The  electrochemical  production  of  conducting  polymers  in  a  form  that  is 
subsequently  processable  (eg.  can  be  used  to  coat  other  larger  scale  conducting  or  non  conducting  materials) 
has  many  attractions.  Recently  hydrodynamic  controlled  electrochemical  systems  have  been  designed, 
developed  and  utilised  for  making  colloidal  "soluble  materials"  albeit  colloidal  dispersions  (25). 

The  role  of  macromoleculcu'  p)olyelectrolytes  is  again  very  important  in  this  area  since  they  function  as 
stabilisers  and/or  dopants.  We  have  recently  shown  that  proteins  can  be  incorporated  into  "soluble" 
dispersions  using  this  approach  and  in  fact  act  as  dopants  (26). 

CONCLUSIONS 

Electroassembly  can  be  used  to  produce  conducting  polymers  with  vaiying  compositions.  All  elements  of 
the  electrochemical  cell  are  important  in  determining  the  chemical,  physical  and  electrical  properties  of 
the  resultant  materials.  Of  particular  interest  recently  has  been  the  incorporation  of  macromolecular 
polyelectrolytes  including  biospecies  such  as  enzymes.  Recent  advances  have  enabled  the 
electroprocessing  of  both  micro  and  macro  structures  that  utilise  conducting  electroactive  polymers. 
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ABSTRACT 

The  objective  of  these  characterization  tests  was  to  find  the  optimum  conditions  that  maximize  the  length  variation  of 
the  chemically  activated  polyacrylonitrile  (PAN)  muscles.  There  are  two  steps  of  annealing  and  chemical  treatment  in  the 
developement  of  the  PAN  muscles.  The  effects  of  the  annealing  temperature,  the  duration  of  annealing,  and  the  duration  of 
the  boiling  in  the  NaOH  solution  on  the  variation  of  the  length  of  PAN  muscle  were  studied.  The  effect  of  the  pH  of  the 
saturating  solution  on  the  expansion-contraction  behavior  of  the  PAN  muscle  was  further  studied.  The  expansion-contraction 
behavior  of  the  PAN  muscle  when  saturated  with  HNO3,  H2SO4,  and  HCl  was  also  studied. 

Keywords  :  Polyacrylonitrile  (PAN)  fiber,  pH  activated  muscle,  artificial  muscle 

2-INTRODUCTION 

Ionic  polymeric  gels  are  three-dimensional  networks  of  cross-linked  macromolecular  polyelectrolytes  that  swell  or 
shrink  in  aqueous  solutions  on  addition  of  alkali  or  acids,  respectively.  Katchalsky  [1],  and  Kuhn  [2]  originally  reported  on 
the  possibility  that  certain  copolymers  can  be  chemically  contracted  or  swollen  like  a  synthetic  muscle  (pH  muscle)  by 
changing  the  pH  of  the  solution  containing  them.  As  originally  reported  by  Kuhn,  Horgitay,  Katchalsky,  and  Eisenberg  [3],  a 
three-dimensional  network,  consisting  of  polyacrylic  acid,  can  be  obtained  by  heating  a  foil  of  polyacrylic  acid  containing  a 
polyvalent  alcohol  such  as  glycerol  or  polyvinyl  alcohol.  The  resulting  three-dimensional  networks  are  insoluble  in  water  but 
swell  enormously  in  water  on  addition  of  alkali  and  contract  enormously  on  addition  of  acids.  Chemically  stimulated  pseudo- 
muscular  actuation  has  also  been  discussed  recently  by  Li  and  Tanaka  [4],  De  Rossi,  Chiarelli,  Buzzigoli,  Domenici,  and 
Lazzeri  [5],  Caldwell  and  Taylor  [6],  De  Rossi,  Kajiwara,  Osada,  and  Yamauchi  [7],  Segalman,  Witkowski,  Adolf,  and 
Shahinpoor  [8],  [9],  and  Harland  and  Prud’homme  [10].  Shahinpoor  and  Mojarrad  [11]  used  PAN  muscles  in  a  circulatory 
system  of  acid  and  base  to  activate  a  musculoskeletal  structure.  The  possibility  of  electrically-induced  coiitraction  and 
expansion  of  polyacrylonitrile  (PAN)  muscles  has  been  explained  by  Salehpoor,  Shahinpoor  and  Mojarrad  [12]. 


3-EXPERIMENTAL 

PAN  fibers  were  cut  at  a  length  of  6  inches.  They  were  heated  for  some  time  and  at  some  temperature.  We  refer  to 
these  as  the  annealing  time  and  armealing  temperature,  respectively.  The  fiber  length  changed  after  heating.  This  new  fiber 
length,  which  is  referred  to  as  the  annealed  length,  was  measured.  A  bundle  was  made  of  10  of  the  annealed  fibers.  The  ends 
of  the  fibers  were  tied  together  such  that  the  bundle  length,  the  end-to-end  distance  was  3  inches.  The  bundle  was  then  left  in 
a  boiling  sodium  hydroxide  solution  (one  normal)  for  some  time.  The  time  is  referred  to  as  the  boiling  time  hereafter. 

At  the  end  of  the  boiling  time  the  muscle  length,  the  end-to-end  distance  was  measured.  At  this  step  the  muscle 
could  contract  and  expand  if  saturated  with  acid  and  base,  respectively.  Two  normal  solutions  of  NaOH  and  HCl  were  used 
to  test  the  muscle  for  expansion  and  contraction.  The  muscle  saturation  changed  fi-om  acid  to  base  or  distilled  water 
repeatedly  and  irregularly.  At  each  saturation  the  end-to-end  distance  was  measured.  The  change  in  muscle  length  was  then 
calculated  considering  the  muscle  lengths  at  the  ciurent  and  the  previous  saturation.  The  results  were  consistent.  That  is,  for 
example,  the  reduction  in  muscle  length  remained  the  same  whenever  the  muscle  saturation  changed  fi'om  base  to  acid. 
Throughout  the  discussion  of  the  results,  by  variation  in  muscle  length  it  is  meant  the  increase  in  the  muscle  length  when 
muscle  saturation  changed  from  acid  to  base.  The  results  generally  indicated  muscle  contraction  when  saturated  with  acid 
and  muscle  expansion  when  saturated  with  base.  However,  there  were  some  cases  in  which  muscle  expanded  when  saturated 
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with  acid  and  contracted  when  saturated  with  base.  When  a  muscle  that  had  already  been  saturated  with  base,  was  saturated 
with  distilled  water  it  exhibited  more  elongation.  When  the  muscle  was  then  saturated  with  base  again,  it  contracted.  This 
happened  repeatedly  and  the  lengths  of  the  muscle  at  saturation  with  base  and  distilled  water  were  recovered  each  time.  In 
another  case,  when  saturation  changed  between  distilled  water  and  acid,  the  muscle  expanded  when  saturated  with  acid  and 
contracted  when  saturated  with  distilled  water,  this  observation  was  repeatable  and  the  magnitude  of  the  expansion  when  the 
muscle  was  saturated  with  acid  was  0.25  inches.  In  this  case,  the  muscle  lengths  when  saturated  with  acid  and  distilled  water 
were  2  and  1.75  inches,  respectively. 

The  effects  of  the  annealing  time,  annealing  temperature,  boiling  time,  and  the  pH  of  the  saturating  solution  on  the 
variation  in  muscle  length  were  studied.  The  effects  of  different  acids  at  the  same  pH  on  the  contraction-expansion  behavior 
of  the  muscle  were  also  tested. 


4-RESULTS 

Annealing  temperatures  of  210,  220,  230,  240,  and  250  °C  were  tested.  At  each  temperature,  annealing  time  of  1, 
1.5, 2, 2.5,  and  5.5  hours  were  tested.  The  variation  of  the  annealed  length  is  shown  in  Figure  1. 


-*-T=210C 

-b-T=220C 

-»-T=230C 

-o-T=240C 

-»-T=250C 


Figure  1-  Effect  of  aimealing  time  on  annealed  length. 


In  general,  the  fibers  shrank  as  a  result  of  heating.  At  all  temperatures  the  annealed  length  decreased  by  increasing 
the  annealing  time.  The  decrease  in  the  annealed  length  was  more  severe  at  upper  limits  of  the  annealing  temperature  and 
annealing  time.  Note  that  the  initial  fiber  length  was  6  inches. 

The  variation  in  the  muscle  length  at  different  annealing  temperature  and  annealing  time  is  shown  in  the  Figure  2. 
As  it  can  be  seen,  the  variation  in  the  muscle  length  at  all  temperatures  depends  on  the  annealing  time.  At  a  temperature  of 
210  °C,  no  variation  in  length  was  observed  when  the  annealing  time  was  two  hours  or  shorter.  The  same  observation 
happened  for  the  annealing  temperature  of  220  °C  when  the  annealing  time  was  one  and  half  hours  or  shorter.  At  annealing 
temperatures  of  230  °C  and  higher  the  variation  in  the  muscle  length  first  increased  by  increasing  the  annealing  time.  For 
annealing  time  of  more  than  two  hours,  the  variation  in  length  started  to  decrease.  As  it  can  be  seen,  the  optimum  aimealing 
temperature  and  annealing  time  are  240  °C  and  2  hours,  respectively.  The  optimum  variation  in  the  muscle  length  was  about 
1.55  inches  which  was  equivalent  to  about  %100  change  in  the  muscle  lengA.  All  the  muscles  which  have  been  prepared  at 
these  conditions  thereafter,  whatever  the  number  of  fibers  in  the  muscle  and  the  muscle  length  might  be,  have  exhibited  the 
same  variation  in  the  length,  i.e.,  a  muscle  that  is  12  inches  long  in  the  expanded  state  becomes  6  inches  long  in  the  contracted 
state  and  vice  versa. 
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After  the  fibers  that  had  already  been  heated,  were  boiled  in  the  NaOH  solution,  their  lengths  changed.  This  change 
in  the  length  was  governed  by  the  annealing  time.  As  shown  in  Figure  3,  the  muscles  that  were  annealed  at  210  and  220  °C, 
shrank  as  a  result  of  boiling  in  the  NaOH  solution  whatever  the  annealing  time  might  be. 


-«-T  =  210C 
-B-T  =  220  C 
-■-T  =  230  C 
-□-T  =  240  C 
-*-T  =  250  C 


Figure  2-  Effect  of  annealing  time  on  variation  in  length. 


At  annealing  temperatures  of  230,  240,  and  250  C  the  muscle  might  either  contract  or  expand  as  a  result  of  boiling  in  the 
NaOH  solution  depending  on  the  annealing  time.  Note  that  the  initial  muscle  length  before  boiling,  i.e.,  the  end-to-end 
distance,  was  3  inches. 


Figure  3-  Effect  of  annealing  time  on  boiled  length. 


H»-T  =  210C 
-S-T  =  220  C 
-■-T  =  230  C 
-D-T  =  240  C 
-■-T  =  250  C 
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The  effect  of  the  boiling  time  on  the  muscle  length  variation  is  shown  in  Figure  4.  As  it  can  be  seen,  the  variation  in 
length,  almost,  continuously  increases  as  the  boiling  time  is  increased.  However,  since  no  change  in  the  trend  was  observed 
for  the  whole  interval,  more  tests  are  necessary  to  see  the  effect  of  boiling  time  of  longer  than  90  minutes. 


Figure  4-  Effect  of  boiling  time  on  variation  in  length. 


In  testing  the  effect  of  the  pH  of  the  saturating  solution,  the  pH  of  the  saturating  solution  first  was  increased  from  0 
to  14  and  then  reduced  from  14  to  0.  At  each  pH,  the  muscle  was  immersed  in  the  solution  for  1  minute.  The  corresponding 
change  in  the  muscle  length  is  shown  in  Figure  5. 


Figure  5-  Effect  of  the  pH  of  the  saturating  solution  on  the  length  of  the  PAN  muscle. 


As  it  can  be  seen,  in  both  cases  of  increasing  or  decreasing  the  pH,  when  the  muscle  was  in  the  same  environment  (i.e.,  in  an 
acid  or  a  base),  there  was  not  a  significant  change  in  the  muscle  length.  However,  in  changing  from  acidic  environment  to 
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basic  and  vise  versa  a  significant  change  in  the  muscle  length  appeared.  The  envelope  that  is  made  at  the  pH  interval  of  2-10 
is  believed  to  be  eliminated  if  the  muscle  is  left  in  the  solution  for  longer  than  1  minute  time.  In  that  case,  the  variation  in  the 
muscle  length  with  increasing  or  decreasing  the  pH  will  almost  overlap.  In  other  words,  no  hysteresis  in  the  PAN  fiber 
behavior  was  observed. 

Figure  5  displays  one  important  information,  that  is,  when  the  nature  or  material  properties  of  the  saturating  solution 
changes,  i.e.,  the  saturating  solution  changes  from  an  acid  to  a  base,  a  significant  change  occurs  in  the  PAN  fiber  length.  On 
the  other  hand,  when  the  material  properties  are  kept  constant  while  the  pH  is  changed,  i.e.,  in  the  ranges  of  pH  =  0~6  and 
8~14,  the  change  in  the  fiber  length  is  insignificant.  As  mentioned  in  an  earlier  paper  [12]  several  factors  may  contribute  to 
the  expansion-contraction  behavior  of  the  PAN  fibers.  To  verify  the  effect  of  fte  material  properties,  three  different  acids 
with  the  same  pH  were  used,  one  at  a  time,  to  saturate  the  muscle.  HNO3,  HCl,  and  H2SO4  all  at  a  pH  of  0  (1  normal  solution) 
were  used.  No  change  in  the  muscle  length  was  observed  when  saturation  changed  from  one  acid  to  another.  By  the 
combination  of  these  results  with  the  information  obtained  from  Figure  5,  it  turns  out  that  the  relevant  material  property  of  the 
saturating  solution  that  dominates  the  contraction-expansion  behavior  of  the  PAN  fiber  is  the  same  in  acids  but  different  in 
bases  and  acids.  This  material  property  is  most  likely  due  to  the  presence  of  H*'  ions  in  acids  and  the  presence  of  OH"  ions  in 
bases.  As  a  result  of  this,  the  electrostatic  (Coulomb)  forces  seem  to  dominate  the  contraction-expansion  behavior  of  the  PAN 
fibers. 


5-CONCLUSIONS 

The  result  of  this  work  led  to  the  manufacturing  of  the  artificial  PAN  muscles  capable  of  showing  a  deformation  of 
%100.  While  the  PAN  fiber  muscles  are  well  known  as  pH  activated  muscles,  it  turns  out  that  the  deriving  force  dominating 
the  contraction-expansion  behavior  of  the  PAN  fibers  is  the  intermolecular  Coulomb  forces.  Hysteresis  in  the  PAN  fiber 
contraction-expansion  behavior  was  not  observed. 
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ABSTRACT 


Magnetorheological  (MR)  fluids  are  stable  suspensions  of  magnetic  particles  in  a  carrying  fluid  exhibiting  controllable 
rheological  behavior  in  the  presence  of  a  magnetic  field.  Magnetorheological  effect  represents  a  reversible  increase,  due  to  an 
external  magnetic  field,  of  effective  viscosity.  MR  fluids  and  devices  have  the  potential  to  revolutionize  the  design  of 
hydraulic  systems,  actuators,  valves,  active  shock  and  vibration  dampers,  and  other  components  used  in  mechanical  syste^. 
MR  fluids  that  are  currently  available  suffer  from  high  initial  viscosity  values  and  low  stability.  Henre,  there  is  a  compelling 
need  to  optimize  the  MR  fluid  manufacturing  process  to  produce  optimum  MR  fluid  characteristics.  The  present  study 
proposes  to  manufacture  an  optimum  composition  of  a  MR  fluid  in  terms  of  its  quality  and  properties.  A  high-speed  bead 
mill  blending  machine  is  used  to  manufacture  the  fluid.  Characterization  studies  are  conducted  to  evaluate  the  produced 
fluid. 

Keywords:  magnetorheological  fluids,  optimum  composition,  bead  mill  machine,  characterization 

2.  INTRODUCTION 

Magnetorheological  (MR)  fluids  are  stable  suspensions  of  very  fine  ferromagnetic  particles  in  a  non-magnetic  carrying 
medium  exhibiting  controllable  rheological  behavior  in  the  presence  of  an  applied  magnetic  field.  In  moderate  fields,  the 
apparent  viscosity  of  MR  fluids  increases  by  more  than  two  orders  of  magnitude.  Electrorheological  (HI)  fluids,  which  are 
composed  of  suspended  dielectric  particles  in  a  non-polar  medium,  exhibit  a  similar  behavior  to  MR  fluids  in  the  presence  of 
an  external  electric  field.  Both  MR  and  ER  fluids  are  part  of  a  new  class  of  controllable  fluids  that  has  the  potential  to 
levolutionize  the  design,  of  hydraulic  and  electromechanical  systems. 

The  first  observations  of  a  controllable  fluid  behavior  in  the  presence  of  an  electric  field  were  reported  by  Komg^  and 
Duff  However,  ER  fluids  were  first  invented  by  Winslow^  when  he  filed  a  patent  on  a  ER  clutch-type  relay.  This  clutch 
closed  the  relay  contacts  in  response  to  a  vacuum  tube  photocell  connected  in  series  with  a  supply  of  120  volts.  This  ER 
controllable  fluid  behavior  was,  ever  since,  referred  to  as  the  Winslow  effect.  On  the  other  hand,  MR  fluids  were  invented  by 
Rabinow''  when  he  devised  a  magnetic  fluid  clutch.  Since  then,  there  have  been  hundreds  of  patents  and  conducted  research 
on  these  controllable  fluids.  However,  until  the  last  decade,  the  development  of  these  fluids  was  largely  ignored.  As  Winslow 
himself  puts  it^  this  might  have  been  “since  no  great  necessity  for  this  invention  could  be  imagined”  at  that  time. 

Nowadays,  proposed  applications  of  controllable  fluids  are  both  numerous  and  of  enormous  potential  value.  Changes  in  a 
variety  of  material  properties,  such  as  magnetic,  electrical,  thermal,  acoustic,  and  other  mechanical  and  physical  properties 
can  be  observed  in  MR  or  ER  fluids  upon  the  application  of  a  magnetic  or  electric  field,  respectively.  However,  most  of  the 
applications  that  have  been  studied  in  some  detail  are  based  on  the  controllable  rheological  properties  of  these  fluids 
(elasticity,  plasticity,  and  viscosity).  They  include  electrically-controlled  torque  and  pressure  levels  in  clutches,  brakes, 
valves  seals,  and  hydraulic  systems.  They  also  include  damping  devices,  as  well  as  systems  to  control  the  elastic  response  of 
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structural  members.  Employing  controllable  fluids  in  the  transport  industry,  automotive,  air  and  marine,  where  utilizing 
controllable  fluids  could  result  in  large  savings  in  fuel  and  energy,  can  be  easily  understood.  At  present,  vibration  control  and 
vibration  isolation  applications  may  have  the  greatest  commercial  interest. 

Both  MR  and  ER  fluids  exhibit  unique  controllable  rheological  characteristics  which  can  be  successfully  used  in  all  shock 
and  vibration  control  approaches:  passive,  semi-active,  and  active.  The  most  important  feature  of  these  fluids  is  their  ability 
to  change  from  a  free-flowing  liquid  into  a  solid  in  milliseconds  when  exposed  to  the  corresponding  field,  and  to  return  just 
as  quickly  to  the  liquid  state  when  the  field  is  removed.  Unlike  their  conventional  hydraulic  or  electromechanical 
counterparts,  devices  based  on  these  fluids  can  be  controlled  directly  through  electrical  input.  This  offers  fast  switching  speed, 
miniaturization  potential,  and  continuously  varying  control.  The  resultant  systems  are  simpler  and  have  fewer  or  no  moving 
parts.  Hence,  they  experience  less  wear,  are  quieter,  and  have  longer  life  expectancy.  Active  shock  and  vibration  control 
designs  based  on  these  controllable  fluids  have  the  ability  to  adjust  the  system’s  characteristics  in  response  to  rapidly 
changing  external  environments.  This  greatly  enhances  their  vibration  control  levels  and  ranges  over  passive  system. 

Until  recently,  most  of  the  research  on  controllable  fluids  has  been  concentrated  on  ER  fluids,  since  such  fluid-based 
devices  were  thought  to  be  easier  to  construct.  However,  ER  fluids  require  thousands  of  volts  to  operate  and  expensive  high- 
voltage  power  supplies.  Hence,  safety  and  packaging  are  clear  design  problems  for  ER  fluids.  In  contrast,  MR  fluid  devices 
require  current-driven  low-voltage  power  supplies,  such  as  a  12  volt  car  battery.  They  can  become  widely  available  at 
relatively  low  cost.  In  addition.  Pinkos,  Shtarkman  and  Fitzgerald*’  pointed  out  that  electrorheological  fluids  result  in  low 
shear  stresses  (less  than  2  psi  when  the  applied  field  is  4000  V/mm),  while  MR  Quids  generate  very  high  shear  stresses  (about 
45  psi  when  the  applied  voltage  is  12  V).  Also,  Carlson  and  Weiss’  have  proved  that  yield  stress  values  in  excess  of  80  kPa 
are  easily  obtained  in  MR  fluids,  while  the  best  ER  fluids  have  a  yield  stress  around  3  kPa.  Magnetorheological  fluids,  also, 
have  a  greater  stability  and  less  temperature  dependence  than  electrorheological  fluids.  Another  major  drawback  of  ER  fluids 
is  that  they  cannot  tolerate  common  impurities  encountered  during  manufacturing  or  use.  Hence,  expensive  quality  control  is 
required  during  manufacturing. 

Magnetorheological  fluids  are  distinguishable  from  colloidal  magnetic  fluids  or  ferrofluids.  In  colloidal  ferrofluids,  the 
particles  are  typically  5  to  10  nanometers  in  diameter.  Upon  the  application  of  a  magnetic  field,  a  colloidal  ferrofluid  does 
not  exhibit  particles'  chain  structuring  or  the  development  of  a  resistance  to  flow.  This  is  due  to  the  effect  of  the  thermal 
Brownian  motion  on  the  ferromagnetic  particles  which  hinders  the  particles’  approach  to  each  other.  Hence,  no  yield  stress  is 
developed  and  a  minimal  or  no  increase  in  rheological  properties  is  observed.  Instead,  in  the  presence  of  a  magnetic  field, 
colloidal  ferrofluids  experience  a  body  force  on  the  entire  material  that  is  proportional  to  the  magnetic  field  strength.  This 
force  causes  the  entire  fluid  to  be  attracted  to  regions  of  high  magnetic  field  gradient. 

In  the  past  few  years,  there  has  been  an  increasing  interest  in  the  study  of  magnetorheological  fluids  and  their  various 
applications.  The  most  notable  contributions  to  this  field  include  the  studies  of  Shulman  et  al.^,  Kordonsky  et  al.^,  and 
Kordonsky^**.  Also,  several  patents  on  MR  materials  and  devices  have  been  obtained  (Shtarkman’’;  Carlson  and  Chrzan”; 
Carlson  and  Weiss’^;  Kordonsky  et  A  great  deal  of  understanding  of  the  magnetic,  structural,  and  rheological 

characteristics  of  MR  fluids,  including  both  microscopic  and  macroscopic  properties,  has  been  recently  achieved. 

Experimental  studies  on  MR  fluids  include  the  work  of  Lemaire,  Bossis,  and  Grasselli’*  who  measured  the  yield  stresses 
of  a  MR  fluid  composition  as  a  fimction  of  the  external  magnetic  field.  Their  results  showed  a  good  agreement  with  the 
theoretical  model  of  Klingenberg  and  Zukoski.”  However,  most  of  such  experimental  studies  have  concentrated  on 
understanding  the  mechanism  of  structure  formation  in  MR  fluids  upon  the  application  of  an  external  magnetic  field.  Liu  et 
al}^  have  studied  the  static  and  dynamic  properties  of  chain  formation  in  MR  fluids.  Their  work  focused  on  the  initial  stage 
of  the  structure  transition.  Time  dependence  of  the  structure  formation  as  a  function  of  the  field  strength  was  studied  by  light 
scattering  techniques.  More  recently,  Promislow  and  Cast”  studied  the  MR  fluid  aggregate  shape  as  a  function  of  field 
strength,  particle  size,  and  magnetic  susceptibility.  They  found  that  the  most  favorable  aggregate  shape  at  high  fields  was 
that  of  an  ellipsoid  with  spiked  ends.  However,  at  low  fields,  elongated  shapes  were  favored.  The  influence  of  particle  size  on 
the  yield  stress  of  MR  fluids  has  been  studied  by  Lemaire  et  al.^  They  defined  a  coupling  parameter  as  the  ratio  of 
magnetostatic  energy  to  thermal  energy.  By  relating  this  parameter  to  the  size  of  the  particles,  they  found  that  for  small 
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particles,  the  yield  stress  strongly  increased  with  the  particle  size.  For  very  high  values  of  the  coupling  parameter  (around 
10*)  they  reported  no  dependence  of  the  yield  stress  on  the  particle  size.  In  their  work,  they  utilized  a  structural  model  based 
on  the  deformation  of  simple  chains  of  particles. 

Investigators  at  Lord  Corporation^^  have  managed  to  manufacture  MR  fluids  using  iron  alloy  particles.  Their  research 
included  iron-cobalt  alloys  and  iron-nickel  alloys.  They  found  that  MR  fluids  prepared  with  iron  alloy  particles  exhibited 
higher  yield  stresses  than  those  prepared  using  traditional  iron  particles,  such  as  carbonyl  particles.  The  drawback,  however, 
is  the  high  cost  of  such  alloys  in  comparison  to  carbonyl  iron  particles. 

New  MR  fluid-based  devices  were  developed  by  Gorodkin,  Kordonskii,  and  Protasevich^^  who  studied  the  characteristics 
and  dynamics  of  a  MR  fluid-based  seal.  They  concluded  that  employing  MR  fluids  significantly  increa^s  the  seal  effidency. 
The  critical  pressure,  at  which  the  sealing  ring  would  be  broken,  was  raised  in  both  static  and  dynamic  cases.  A  variety  of 
prototype  MR  fluid  dampers  have  been  constructed  at  Lord  Corporation  to  evaluate  the  potential  of  this  technology  .  Linear 
shock  absorbers  were  constructed  to  replace  the  current  passive  automotive  shock  absorbers.  The  damper  was  operated  at 
various  stroke  rates,  with  an  overall  stroke  distance  of  20  mm.  A  current  of  2  A  was  needed  to  generate  the^ magnetic  field, 
and  the  force  output  reached  a  maximum  of  3500  N.  Equally  interesting.  Pinkos,  Shtarkman,  and  Fitzgerald  have  managed 
to  develop  an  actively  damped  passenger  car  suspension  system  using  MR  fluids.  They  utilized  a  rotary  shock  absorber 
configuration  coupled  with  MR  fluid  as  an  adaptive  suspension  system.  The  design  provides  greater  flexibility  in  the  styling 
of  exterior  and  interior  envelopes,  improves  passenger  safety  and  comfort,  and  provides  easily  adjusted  vehicle  suspension 
control.  The  damping  force  of  the  rotary  shock  absorber  varies  as  a  function  of  the  applied  magnetic  field.  The  product  has 
been  tested  on  actual  vehicles  and  proved  to  be  more  advantageous  than  the  conventional  baseline  vehicle. 

At  present,  there  is  a  compelling  need  to  manufacture  a  competitive  composition  of  MR  fluid.  The  existing  MR  fluid 
compositions  suffer  from  one  of  the  following  drawbacks,  which  hinder  their  full  industrial  utilization  and  their  wide 
commercial  availability:  particle  settling  during  extended  periods  of  time,  relatively  high  initial  viscosity,  and  high 
manufacturing  cost.  For  example,  the  two  MR  fluid  compositions  manufactured  by  Lord  Corporation;  versaflo  MR- 100  and 
versaflo  MRX-135CD  have  a  15-20%  particle-liquid  separation  as  indicated  on  the  specification  sheet.  High  manufacturing 
cost  of  these  fluids  add  another  drawback  (sale  price  is  $500/liter). 

The  work  presented  here  deals  with  the  manufacture  of  a  competitive  MR  fluid  composition  which  does  not  suffer  from 
the  above-mentioned  drawbacks  and,  at  the  same  time,  provides  very  high  yield  stresses  at  high  magnetic  fields.  The 
manufacturing  cost  of  the  proposed  technology  is  relatively  low. 

3.  COMPOSITION  OF  MAGNETORHEOLOGICAL  FLUIDS 

Magnetorheological  fluids  consist  of  three  major  components:  dispersed  ferromagnetic  particles,  a  carrier  liquid,  and  a 
stabilizer. 

3.1  Dispersed  ferromagnetic  particles 

Iron  and  iron-base  alloys  are  the  principal  magnetosoft  (soft  ferromagnetic)  materials  in  use  today.  Control  of  malefic 
properties  can  be  achieved  primarily  by  controlling  chemical  impurities  and  crystal  orientation.  The  term  “pure  iron” 
generally  refers  to  irons  of  99.9%  purity.  Impurities  that  have  the  greatest  effects  on  magnetic  properties  are  the  nonmetallic 
elements  carbon,  oxygen,  and  nitrogen  which  enter  the  lattice  interstitially.  In  magnetosoft  particles,  there  appear  domains  of 
spontaneous  magnetization.  The  domains  are  aligned  primarily  along  the  axis  of  magnetization.  However,  when  an  external 
magnetic  field  is  absent,  the  material  is  not  magnetized  as  a  whole,  as  the  direction  of  the  magnetic  moments  of  separate 
domains  is  random.  The  external  magnetic  field  aligns  the  elementary  magnetic  moments.  Hence,  magnetosoft  materials  are 
multi-domain  particles.  These  particles  exhibit  superparamagnetic  behavior  in  that  they  have  a  large  saturation  magnetization 
but  no  remanence  or  coercivity.  On  the  other  hand,  magnetosolid  (solid  ferromagnetic)  materials  have  high  remanence  and 
coercivity.  This  is  mainly  useful  in  recording  materials  where  the  objective  is  to  store  information.  In  practice,  magnetosolid 
materials  are  made  of  fine  single-domain  particles  and,  thus,  have  their  own  ordered  direction  of  magnetic  moments. 
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In  this  work,  we  use  a  mixture  of  coarse  magnetosoft  particles  and  fine  magnetosolid  particles.  The  magnetosoft  particles 
are  spherical  in  shape  with  a  diameter  size  ranging  from  1-10  pm.  The  density  of  such  particles  is  also  high  (7-8  g/cm*).  A 
preferred  magnetizable  particle  is  carbonyl  iron  magnetosoft  powder  grade  S-3700,  which  is  known  for  its  high  magnetic 
permeability  and  produced  by  International  Specialty  Products  (ISP).  Other  carbonyl  iron  powders  and  magnetite  can  also  be 
used.  Carbonyl  iron  is  manufactured  by  the  decomposition  of  iron  pentacarbonyl  Fe(CO)s.  This  process  produces  unreduced 
spherical  and  very  fine  particles.  The  particles  are  physically  soft  and  compressible.  Table  1  below  gives  physical  and 
chemical  properties  for  grade  S-3700  magnetosoft  powder  carbonyl  iron: 


TABLE  1 :  Properties  of  maqnetosoft  powd 

er  carbonyl  iron  grade  S-3700 

produced  by 

ISP 

^pearance 

Average 

Diameter 

(pm) 

Apparent 

Density 

(g/cm^) 

True 

Density 

(g/cm^ 

% 

Carbon 

(Max.) 

%  Oxygen 
(Max.) 

Uniform 

1-3 

15-3.0 

75-7.8 

98 

1 

0.7 

1  1 

Volumetric  concentration  of  the  dispersed  particles  can  be  as  high  as  50%  of  the  total  fluid  volume.  In  the  presence  of  a 
magnetic  field,  the  particles  become  polarized  and  thereby  organized  and  structured  into  chains  of  particles  within  the  fluid. 
This  chain  of  particles  acts  to  increase  the  apparent  viscosity  or  flow  resistance  of  the  overall  material.  In  the  absence  of  a 
magnetic  field,  the  particles  return  to  an  unorganized  state  and  the  apparent  viscosity  is  reduced  to  original  state. 

The  magnetosolid  particles  used  in  this  work  are  made  of  chromium  dioxide.  Chromium  dioxide  (Cr02)  is  prepared  by 
thermal  decomposition  of  anhydrous  chromium  trioxide  Cr03  under  pressure.  Chromium  dioxide  was  first  introduced  by  Du 
Pont  in  the  late  sixties  as  a  material  for  magnetic  recording  surfaces.  The  particles  are  easily  dispersed  and  oriented  and 
exhibit  the  needed  high  coercivity  and  remanence.  These  particles  are  acicular  in  shape  and  have  a  needle-like  structure. 
This  abrasive  nature  of  Cr02  increases  the  viscosity  of  the  resulting  MR  fluid  composition  under  a  magnetic  field.  The 
particle  size  ranges  from  0.1  to  about  1.0  pm,  which  is  about  10  times  smaller  than  the  magnetosoft  particles.  This  smaller 
particle  size  is  needed,  so  as  to  allow  the  chromium  dioxide  particles  be  adsorbed  on  the  surfaces  of  the  carbonyl  iron 
particles.  By  this,  a  brush-like  effect  is  imparted  to  the  magnetosoft  particles.  This  has  shown  to  give  the  resulting  fluid 
composition  a  higher  stability  and  improved  rheological  behavior  under  the  magnetic  field.  Chromium  dioxide  has  a  single¬ 
domain  particles.  They  have  their  own  magnetic  moment  which  keeps  them  attached  to  the  carbonyl  iron  particles. 

3.2  Cartier  Liquid 

The  second  component  of  a  magnetorheological  fluid  is  a  carrier  liquid  which  serves  as  a  continuous  isolating  medium. 
This  can  be  any  medium  conventionally  employed  in  a  fluid  responsive  to  a  magnetic  field.  Preferably,  the  carrier  liquid 
should  have  a  viscosity  value  in  the  range:  0.01-1.0  Ns/m^  at  40  °C.  Some  of  the  preferred  carrier  liquids  are;  Silicon  oil, 
kerosene,  and  synthetic  oil.  The  choice  of  a  suitable  carrier  liquid  in  preparing  a  MR  fluid  is  very  important,  since  the 
stability  of  the  system  (as  will  be  explained  later)  and  the  overall  rheological  behavior  under  the  magnetic  field  depends  on 
this  choice.  In  this  work,  we  use  a  synthetic  ozone-friendly  EAL  (Environmental  Awareness  Lubricant)  Arctic  15  produced 
by  Mobil.  This  is  chosen  for  its  environmentally-safe  properties,  non-flammable  characteristic,  low  volatility,  good  anti¬ 
corrosion  properties,  wide-range  temperature  stability,  and  low  initial  viscosity.  It  also  meets  all  other  standard  hydraulic 
demands.  Mobil  EAL  Arctic  Series  lubricants  are  used  in  refiigeration  compressors.  Optionally,  some  additives  may  be 
added  to  the  carrying  fluid  to  enhance  its  overall  rheological  and  mechanical  properties.  Table  2  below  lists  physical 
characteristics  of  Mobil  EAL  Arctic  15. 
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3.3  Stabilizer 


The  third  component  of  a  magnetorheological  fluid  is  a  stabilizer,  which  serves  to  krep  the  particles  suspended  in  the 
fluid.  Stability  of  MR  fluids  is  one  of  the  most  important  properties  of  the  fluid.  It  detenmnes  to  a  large  extent  the  life  time 
and  durability  of  the  fluid.  There  are  three  distinct  kinds  of  stability  associated  with  magnetorheological  fluids: 
Agglomerative  stability,  sedimental  stability,  and  thermal  stability.  Agglomerative  stability  refers  to  the  resistance  of  the 
particles  to  the  formation  of  aggregates.  Sedimental  or  settling  stability  ensures  that  the  particles  do  not  settle  down  with 
time.  Thermal  stability  has  two  aspects:  first,  the  ability  of  the  fluid  to  function  at  reduced  and  elevated  temperatures. 
Secondly,  The  fluid’s  resistance  to  degradation  when  held  at  elevated  temperatures  over  long  periods  of  time.  Most  of  the 
work  on  stability  of  MR  fluids  and  magnetic  fluids,  in  general,  has  been  on  the  first  two  kinds  of  stability.  Hence,  we  present 
here  a  brief  background  on  the  first  two  kinds  of  stability. 

3.3.1  Agglomerative  stability 

Agglomeration  (clustering  of  solid  particles)  occurs  under  the  action  of  the  attractive  van  der  Waals  force  between 
particles  closely  approaching  each  other.  Disperse  systems,  in  which  solid  particles  are  suspended  in  a  liquid,  are 
characteristic  of  a  developed  specific  surface  and,  accordin^y,  of  large  surface  energy.  Therefore,  prc^sses  accompanied  by 
decreasing  surface  energy,  such  as  aggregation  of  particles,  easily  occur  in  such  systems.  It  is  even  easier  to  occur  in  colloidal 
systems,  such  as  magnetic  fluids.  This  is  so,  because  colloidal  particles  are  in  constant  Brownian  movement,  which  results 
firom  the  thermal  energy  of  the  particles.  During  this  perpetual  movement,  the  particles  experience  interactions  of  various 
kinds,  the  magnitudes  of  which  strongly  depend  on  the  particles’  transient  mutual  distances.  If  no  stabilizing  method  is 
present,  the  particles  will  stick  together,  in  which  case  destabilization  (coagulation  or  flocculation)  occurs. 

To  retain  their  individuality,  and  hence  stabilize  the  system,  particles  must  be  stabilized  through  forces  of  repulsion.  'The 
two  known  forces  of  repulsion  are  electrostatic  and  steric  forces.  In  electrostatically  stabilized  s}^tems,  the  particles  are 
electrically  charged.  Electrostatic  repulsion  must  exceed  the  van  der  Waals  attraction.  At  short  and  large  separations,  the 
van  der  Waals  force  always  dominates  the  electrostatic  repulsion,  but  at  intermediate  distances  the  electrostatic  force  can 
dominate,  provided  that  the  particles  are  sufficiently  charged  and  that  little  screening  of  these  charges  occurs  by  dissolved 
electrolytes.  In  addition  to  the  charged  particles,  electrostatically  stabilized  systems  must  have  a  polar  medium  in  the  carrier 
liquid.  As  such,  this  is  not  the  preferred  way  of  stabilizing  MR  fluids.  Also,  the  electrostatic  repulsive  forces  demease  rather 
rapidly  with  increasing  distance.  A  more  desirable  way  of  stabilizing  MR  fluids  and  magnetic  fluids,  in  general,  involves  the 
use  of  polymers  (surfactants)  in  non-polar  media.  This  is  referred  to  as  steric  stabilization. 

In  sterically  stabilized  systems,  each  particle  is  coated  with  adsorbed  surface  layers  that  hinder  the  particles’  approach  to 
each  other  to  distances  where  van  der  Waals  forces  dominate.  The  thickness  of  the  adsorbed  layer  is  determined  by  the  len^h 
of  chain  in  the  polymer  (surfactant).  When  two  particles  containing  an  adsorbed  layer  approach  each  other  to  a  separation 
distance  that  is  less  than  twice  the  adsorbed  layer  thickness,  interference  of  the  chains  occurs.  This  interaction  leads  to 
repulsion  as  a  result  of  three  main  effects.  The  first  effect  arises  from  mixing  of  the  adsorbed  layers,  which  is  unfavorable  due 
to  the  lower  chemical  potential  of  the  carrier  fluid  (solvent)  medium  in  the  overlap  region.  As  a  result,  diffosion  of  solvent 
from  bulk  solution  to  this  overlap  re^on  takes  place,  which  leads  to  particle  repulsion.  The  second  repulsive  effect  results 
from  the  loss  of  configurational  entropy  of  the  chains  on  the  approach  of  a  second  surface.  As  a  result  of  such  an  approach, 
the  volume  available  for  the  adsorbed  chain  becomes  restricted,  leading  to  loss  of  configurational  entropy.  This  effect  is 
usually  refened  to  as  the  volume-restriction  effect.  The  third  repulsive  effect  arises  from  the  increase  in  local  osmotic 
pressure  in  the  overlap  region  which  reacts  against  particle  approach.  Three  conditions  must  be  met  if  stable  dispersions  are 
to  be  prepared:  First,  the  carrier  liquid  must  be  a  good  solvent  for  the  adsorbed  surfactant.  Secondly,  the  surface  coverage 
must  be  complete  and  the  adsorbed  surfactant  must  be  firmly  attached  to  resist  displacement  under  shearing  conditions. 
Thirdly,  the  depth  of  the  steric  barrier  must  be  sufficient  to  prevent  flocculation.  A  surfactant  is,  therefore,  specially  chosen 
for  each  carrier  liquid. 

Surfactants  are  polymers  that  comprise  a  polar  head  and  a  non-polar  tail.  The  polar  head  is  preferably  anchored  to  the 
solid  particle  surface  through  a  weak  chemical  bond,  although  physically  adsorbed  surfactants  are  also  known.  On  the  other 
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hand,  the  tail  of  the  polymer  should  have  no  affinity  to  the  solid  particle  material.  Otherwise,  it  is  localized  on  the  particle 
surface.  Surfactants  can  be  anionic,  cationic,  or  non-ionic.  Oleic  acid  CH  (CH2)7COOH  is  the  most  widely  used  stabilizer  of 
magnetite  particles  in  hydrocarbon  bases.  It  is  an  unsaturated  fatty  acid  which  is  maintained  in  the  form  of  triglyceride  in  all 
vegetable  and  animal  fats.  The  presence  of  the  negative  (OH)  group  in  the  head  of  the  chain  makes  oleic  acid  an  anionic 
surfactant.  This  allows  the  formation  of  a  weak  ionic  bond  with  the  surface  of  the  solid  ferromagnetic  particles.  Another 
widely  used  stabilizers  include  unhydrated  inorganic  silicone  compounds,  such  as  silica  gel  (SiOj).  which  is  an  amorphous 
silica  powder  comprising  ultrafine  particles.  Here,  the  stabilirar  particles  are  much  smaller  in  size  than  that  of  the  dispersed 
particles.  This  leads  to  a  large  surface  area  (100-300  m^/^.  Each  particle  is  higjily  non-porous.  The  ferromagnetic 
dispersed  particles  become  mechanically  held  by  the  surface  structure  of  the  silica  gel  and  thus  uniformly  dispersed  in  the 
carrying  fluid.  However,  the  main  disadvantage  of  this  stabilizer  is  the  formation  of  a  gel-like  structure  which  is  unsuitable 
for  hydraulic  applications. 

For  MR  fluids,  the  choice  of  surfactant  depends  on  the  type  and  concentration  of  the  dispersed  particles.  .The  type  of 
surfactant  should  also  be  carefully  chosen,  such  that  it  complies  with  the  carrying  fluid  and  works  together  with  other  used 
surfactants.  Agglomerative  stability  is  maintained  by  one  of  two  methods:  Course-dispersed  small-concentration  systems  (up 
to  10%)  can  be  stabilized  by  the  use  of  gel-forming  stabilizers,  such  as  silica  gel.  These  stabilizers  form  a  protective  colloidal 
structure  in  the  bulk  of  the  carrier.  The  strength  of  this  structure  should  allow  reversible  thixotropic  transformations  and  not 
to  inhibit  the  system  structurization  in  the  magnetic  field.  On  the  other  hand,  fine-dispersed  concentrated  (up  to  50%) 
suspensions  are  stabilized  by  the  introduction  of  surfactants  (ionic  or  non-ionic),  which  form  a  spatial  structure  from  the 
ferromagnetic  particles  without  forming  a  gel. 

In  this  work,  the  high  concentration  of  carbonyl  iron  (50%  by  volume)  makes  the  stability  of  this  fluid  a  major  concern. 
We  use  two  types  of  surfactants:  an  anionic  surfactant,  oleic  add,  to  maintain  agglomerative  stability  of  the  fluid  and  a  non¬ 
ionic  surfactant  (polyoxythylene  10  lauryl  ether)  is  also  used  to  create  a  soft  net  in  the  bulk  of  the  carrier  liquid. 

3.3.2  Sedimental  stability 

The  tendency  of  the  solid  particles  to  settle  under  gravity  causes  severe  problems.  However,  sedimentation  may  be 
tolerated,  to  a  certain  percentage,  if  the  sediments  are  easily  redispersed.  Irreversible  coagulation  of  particles  can  be  avoided 
by  steric  stabilization,  as  was  discussed  in  the  previous  section.  Settling  of  particles  is  usually  measured  in  the  most 
elementary  wa)?;  by  allowing  the  fluid  to  sediment  under  gravity  and  following  the  height  of  the  clear  fluid  as  it  develops  over 
time.  Sedimentation  is  a  direct  consequence  of  the  greater  density  of  the  particles  relative  to  that  of  the  carrier  liquid. 
However,  when  the  particle  size  is  sufficiently  small,  i.e.  in  the  colloid  range  (<1  |im),  the  gravitational  force  is  opposed  by  a 
diffiisional  force  associated  with  the  thermal  Brownian  motion.  This  makes  magnetic  liquids  highly  stable.  To  study  the 
parameters  affecting  the  speed  of  settling  (V),  we  use  the  famous  Stokes’  formulation  for  a  sphere  moving  slowly  under 
gravitational  forces.  The  result  is: 

V  .  (1) 

9rf 

where  a  is  the  sphere  diameter,  p  is  the  density  of  particles,  po  that  of  the  carrier  liquid,  tj  is  the  viscosity  of  the  carrier  liquid, 
and  g  is  the  gravitational  acceleration.  Of  course,  this  formulation  is  very  simplistic  in  that  it  ignores  the  interaction  of  the 
particles  and,  hence,  is  invalid  for  highly  concentrated  systems.  A  number  of  correctional  formulas  exist  in  the  literature  for 
both  low  and  high  concentration  of  solid  particles^.  However,  the  above  formula  gives  us  a  qualitative  understanding  of  the 
parameters  affecting  the  rate  of  settling  (in  addition  to  the  concentration  of  particles).  To  lower  this  rate,  the  particle 
diameter  should  be  small,  the  difference  in  density  between  the  particles  and  the  carrier  liquid  should  be  minimized,  and  the 
viscosity  of  the  liquid  should  be  increased.  In  reality,  however,  many  restrictions  prevent  one  or  more  of  these  conditions.  To 
obtain  a  non-colloidal  MR  fluid,  the  particle  size  should  be  fairly  large  (>1  pm).  Also,  the  density  difference  between  the 
particles  and  the  carrier  liquid  is  also  high  for  MR  fluids  and  even  if  the  density  difierence  is  minimized  at  a  certain 
temperature,  the  densities  of  liquids  can  vary  significantly  at  another  tenqierature. 
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For  MR  fluids,  highly-concentrated  surfactants  are  used.  They  form  organized  structures  that  are  referred  to  as  liquid- 
crystalline  phases.  Three  types  of  organized  systems  are  frequently  found.  These  are:  (a)  the  hexagonal  phase,  which  is 
composed  of  cylindrical  units;  (b)  the  viscous  isotropic  phase,  which  is  composed  of  spherical  units  in  a  cubic  arrangement; 
and  (c)  the  lamellar  phase,  which  is  composed  of  sheets  of  molecules.  Both  hexagonal  and  cubic  phases  give  a  highly  viscous 
gel-like  structure,  which  can  be  used  for  prevention  of  claying  and  settling.  Silica  gel,  which  was  mentioned  as  an 
agglomerative  stabilizer,  is  an  example  of  such  stabilizers.  In  this  work,  however,  we  avoid  using  any  gel-forming  stabilizers. 
A  non-ionic  surfactant  (polyoxythylene  10  lauryl  ether)  is  used  to  create  a  lamellar  phase  and,  hence,  reduce  the  settling  rate. 

4.  METHOD  OF  MANUFACTURING 


Preparing  the  MR  fluid  consists  of  three  steps: 

(1)  Preparing  the  dispersed  phase. 

(2)  Fabricating  the  dispersion  medium. 

(3)  Mixing  the  components  in  the  bead  mill  machine. 

Preparing  the  dispersed  phase  involves  two  operations,  purifying  the  carbonyl  iron  particles  and,  then,  coating  the 
particles  surfaces  with  oleic  acid.  For  the  current  study,  the  used  carbonyl  iron  particles  are  produced  by  ISP  and  have  a 
maximum  of  0.2%  impurities.  Hence,  the  particles  are  virtually  pure,  and  the  purification  operation  is  not  needed. 
Otherwise,  the  particles  would  have  to  be  washed  and  boiled  with  water.  Impurities  would,  then,  have  been  removed  by 
sUmming  off  the  forming  foams  and  bubbles  on  the  surface  of  water.  Coating  the  carbonyl  iron  particles  with  oleic  acid  is 
done  by  dissolving  oleic  acid  in  a  good  solvent,  such  as  ethyl  alcohol  or  toluene.  The  prepared  solution  is  then  poured  on  the 
carbonyl  iron  particles  and  mixed  together.  After  some  time,  the  solvent  evaporates  and  leaves  the  ferromagnetic  particles 
coated  with  oleic  acid.  The  percentage  of  oleic  acid  concentration  is  a  very  important  parameter  which  influences  the  fluid’s 
behavior. 

Fabricating  the  dispersion  medium  requires  dissolving  the  non-ionic  surfactant  (polyoxjrthylene  10  lauryl  ether)  in  the 
carrier  liquid  (Mobil  oil  EAL  Arctic  15).  Again,  the  percentage  of  the  non-ionic  surfactant  is  another  vital  parameter  to 
ensure  a  highly-stable  MR  fluid. 

There  are  several  known  methods  to  mix  the  components.  Among  which  are  grinding  methods,  condensation  methods, 
and  precipitation  methods.  The  first  magnetic  fluid  was  prepared  by  S.  S.  Papell  in  the  mid  sixties  by  grinding  magnetite  in  a 
ball  mill  in  the  presence  of  oleic  acid  in  kerosene.  At  that  time,  it  took  three  months  of  continuous  mill  operation  to  produce 
a  stable  colloidal  system.  This  method  has  many  advantages:  It  is  very  simple;  it  is  sufficient  to  fill  a  mill  with  magnetic 
fluid  components  and  switch  on.  It  is  possible  to  attain  a  desired  degree  of  particle  dispersion  (specified  by  the  milling  time), 
there  is  no  solvent  loss,  and  various  ferromagnetic  materials  can  be  used  with  various  carrier  liquids.  The  main 
disadvantages  of  this  method,  however,  is  the  long  grinding  time  and  the  resulting  small  yield  of  final  product.  The  long 
grinding  time  can  be  dramatically  reduced  using  a  high  speed  bead  mill.  In  this  work,  we  use  a  grinding  method  which 
utilizes  a  high-speed  bead  mill  machine.  Hence,  the  grinding  time  is  shortened  to  about  a  half  of  an  hour.  The  final  product 
volume  is  still  low  (about  150  ml).  This  problem  can  be  easily  solved,  however,  by  modifying  the  manufacturing  process  to 
be  continuous. 

Figure  1  shows  a  picture  of  the  bead  mill  blending  machine.  Another  advantage  of  choosing  this  kind  of  machine  is  that 
it  depends  on  a  mixing  process  as  its  principle  of  operation.  Such  a  mixing  process  meets  the  requirements  of  obtaining  a 
rheologically  complex  thixotropic  mediums,  such  as  a  MR  fluid.  A  bead  mill  machine  is  distinguishable  from  all  other  types 
of  mills  (ball,  attrition,  jet,  pestle)  in  that  it  intensively  mixes  the  entire  charged  volume  and,  at  the  same  time,  it  carefully 
grinds  the  ingredients  between  solid  surfaces.  In  its  tesic  form,  the  bead  mill  consists  of  a  motor  which  rotates  a  shaft,  on 
which  three  impellers  are  mounted,  a  working  vessel,  a  cooling  system,  and  metal  beads  (2  mm  in  diameter).  The  principle 
of  operation  can  be  simplified  as  follows:  Upon  the  charging  of  MR  fluid  ingredients,  the  impellers  on  the  high-speed 
rotating  shaft  capture  the  beads  and  throw  them  at  random  along  the  periphery  of  the  working  vessel.  In  doing  so,  the  beads 
intensely  collide  among  themselves  and  with  the  walls  of  the  working  vessel,  and  at  the  same  time  squeeze  the  fluid 
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ingredients  in  between.  Hence,  grinding  and  mixing  of  the  ingredients  take  place.  The  bead  mill  can  rotate  with  speeds  up  to 
2000  rpm. 


Figure  1.  High  speed  bead  mill  blending  machine  used  to  manufacture  MR  fluids 


To  mix  the  MR  fluid  components  in  the  bead  mill,  five  equally  weighed  portions  of  the  processed  carbonyl  iron  as  well  as 
the  chromium  dioxide  particles  are  prepared.  The  dispersion  medium  is  fed  in  the  machine  first.  Then,  one  portion  at  a  time 
of  the  ferromagnetic  particles  (carbonyl  iron  and  chromium  dioxide)  is  fed  in  the  machine  according  to  a  pre-determined 
grinding  time.  The  machine  has  to  be  in  the  horizontal  position  for  optimum  grinding  conditions. 

S.  OPTIMIZATION  OF  MR  FLUID  CHARACTERISTICS 


MR  fluids  are  characterized  by  the  following  main  characteristics: 

-  Initial  viscosity  po  (or  initial  shear  stress  Xq). 

-  Shear  stress  (or  yield  stress)  as  a  function  of  the  applied  magnetic  field  H. 

-  Shear  stress  increment  or  working  range  of  shear  stress. 

-  Working  temperature  range. 

-  Qualitative  long  term  stability  behavior. 

In  order  for  the  fabricated  MR  fluid  composition  to  be  “good”,  the  following  characteristics  are  needed: 

-  Initial  viscosity  of  the  fluid  (when  H=0)  must  be  low  (about  0.5  Pa  s  at  a  shear  rate  of  100  s'^). 

-  The  Shear  stress  in  the  field  H=100  KA/m  must  be  of  the  order  T=10  kPa. 

-  The  maximum  allowable  shear  stress  at  H=500  KA/m  must  be  of  the  order  X=100  kPa. 

-  The  working  temperature  range  is  T=-50  to  +150  “C. 

-  The  fluid  is  highly  stable  both  sedimentally  and  agglomeratively. 
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Due  to  the  limited  available  testing  facilities,  we  have  confined  our  optimization  study  to  include  initial  viscosity  and 
stability  of  the  fluid.  Several  experiments  were  conducted  and  the  resulting  fluid’s  viscosity  and  stability  were  measured. 
Viscosity  was  measured  in  a  Brookfield  DV-HI  rheometer  at  25  “C.  Stability  was  measured  by  the  percentage  of  sediment 
volume  to  the  total  volume.  The  fluid  samples  were  left  in  graduated  cylinders  for  a  month  before  the  readings  were  taken. 
The  three  controlled  parameters  in  these  experiments  were:  the  concentration  of  oleic  acid,  the  concentration  of  the  non-ionic 
surfactant,  and  the  concentration  of  chromium  dioxide  particles.  To  identify  each  parameter’s  effect  on  the  behavior  of  the 
fluid,  the  other  two  parameters  are  kept  constant  when  changing  the  third  parameter. 

5.1  Results  for  optimizing  stability 

Table  3  below  lists  the  results  for  optimizing  the  fluid’s  stability. 


TABLE  3:  Results  for  stability  measurements 


Sample 

Non-ionic  surfactant 

Oleic  acid 

Chromium  dioxide 

%  Separation 

1 

2.70g 

0.42g 

2.50e 

930 

2 

1.55g 

0.42g 

2.50g 

1.10 

3 

3.50g 

0.42g 

2-SOg 

3.10 

4 

2.70g 

0.20g 

230e 

130 

5 

2.70g 

0.80g 

2-50g _ 

4.00 

6 

2.70g 

0.42g 

2-OOg _ 

10.00 

7 

2.70g 

0.42g 

3-OOg _ 

5.10 

The  effect  of  each  parameter  is  now  clear.  The  optimum  amounts  of  the  three  parameters,  to  have  the  most  stable 
composition,  are  as  follows:  non-ionic  surfactant  (1.55g),  oleic  acid  (0.20g),  and  chromium  dioxide  (3.00g).  So,  the  new 
“optimum”  composition  was  found  and  produced  in  the  bead  mill.  However,  the  produced  Quid,  although  resulted  in  0  % 
separation  and  thus  was  highly  stable,  was  very  viscous  (about  45  Pa  s  at  a  shear  rate  of  1.02  s'^  and  a  temperature  of  25  C). 
This  result  should  be  expected,  since  highly  viscous  dispersion  systems  are  more  stable,  as  was  indicated  by  the  Stokes 
formulation.  Hence,  there  exists  a  trade-off  between  the  viscosity  of  the  fluid  and  its  stability. 

5.2  Results  for  optimum  viscosity 

After  conducting  the  stability  experiments,  a  study  for  the  effect  of  the  three  parameters  on  viscosity  was  conducted. 
Table  4  shows  the  viscosity  results  for  some  samples. 


TABLE  4:  Results  for  viscosity  measurements 


Sample 

- -  _ 

Non-ionic 

surfactant 

Oleic  acid 

Chromium  dioxide 

Viscosity,  Pa  s 
1.02  s\  25  ®C 

8 

135g 

0.42g 

230g 

36.23 

9 

330g 

0.42g 

230g 

36.45 

10 

135g 

0.20g 

230g 

2430 

11 

135g 

0.20g 

3-OOg _ 

44.51 

It  is  clear  from  the  results  of  samples  8  and  9  that  the  effect  of  the  non-ionic  surfactant  on  the  viscosity  of  the  produced 
Quid  is  minimal.  On  the  other  hand,  increasing  the  amount  of  either  chromium  dioxide  or  oleic  acid  significantly  increases 
the  viscosity  of  the  produced  Quid. 

Hence,  comparing  these  results  to  those  found  for  the  stability  study,  one  arrives  at  the  conclusion  that  the  following 
composition  results  in  the  optimum  stability  and  viscosity  requirements:  oleic  acid  (0.2g),  non-ionic  surfactant  (1.55g),  and 
chro^um  dioxide  (2.5g).  This  composition  is  sample  #10.  The  measured  stability  was  1.4%.  As  long  as  this  small  amount 
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of  sediment  is  easily  redispersed,  this  provides  an  adequately  stable  fluid.  Figure  2  below  shows  the  viscosity  behavior  as  a 
function  of  shear  rate  for  this  composition. 


Figure  2:  Viscosity  variation  for  the  optimum  composition 


6.  CONCLUSIONS 


A  laboratory  scale  magnetorheological  fabrication  facility  was  constructed  at  the  Center  for  Intelligent  Materials  Systems 
and  Structures  CIMSS  at  VA  Tech.  A  high  speed  bead  mill  blending  machine  was  used  to  manufacture  the  fluid.  Several 
experiments  were  conducted  to  optimize  the  composition  of  MR  fluid,  which  results  in  the  needed  highest  qualities.  An 
optimum  composition  was  found  to  minimize  the  initial  viscosity  of  the  fluid  and  maximize  its  stability. 
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ABSTRACT 

Magnetic  and  magnetorheological  properties  of  a  number  of  compositions  are  examined.  The  compositions  are  based  on  barium 
and  strontium  ferrites,  magnetite,  and  Y-Fe203,  both  commercial  and  synthesized  using  specially  developed  methods,  suspended  in 
transformer  oil  and  synthetic  binders  based  on  phenol-formaldehyde,  epoxyacrylic  and  pentaphthalic  resins.  The  influence  of 
numerous  factors,  such  as  the  type  and  magnetic  properties  of  the  filler,  type  of  the  binder,  magnetic  properties  of  the  composition  on 
the  orienational  effect  of  the  filler  in  a  magnetic  field  was  evaluated.  The  latter  was  judged  by  a  magnitude  of  magnetorheological 
effect. 

Keywords:  magnetic,  magnetorheological  properties,  barium  and  strontium  ferrites,  iron  oides. 


INTRODUCTION 

A  wide  range  of  smart  and  intelligent  materials  can  be  obtained  on  the  basis  of  fluid  compositions  with  dispersed  fillers  possessing 
magnetic  properties.  Of  special  interest  are  fluid  media  with  inert  binders,  e.g.  oil,  and  those  with  polymeric  binders.  The  latter  are 
capable  of  forming  anisotropic  structures  in  external  fields,  which  may  be  used  as  different  sensors,  actuators,  measuring  elements, 
etc'.  In  this  aspect,  we  have  performed  a  comparative  examination  of  magnetic  and  magnetorheological  properties  of  compositions 
based  on  barium  and  strontium  ferrites,  magnetite,  and  Y-Fe203  suspended  in  oil  and  polymeric  binders  based  on  pentaphthalic 
(commercial  varnish  PF-060)  epoxyacrylic  (varnish  EAS-510)  and  phenol-formaldehyde  resins. 


EXPERIMENTAL 

For  experiments,  commercial  barium  and  strontium  ferrites  and  magnetite  with  particle  sizes  of  5-6  pm  (type  FB,  FS  and  MG)  and 
1-2  pm  (type  FB*,  FS*  and  MG*),  as  well  as  powders  synthesized  by  us  at  different  heat  treatment  temperatures,  viz.  magnetite  (type 
MGSl,  MGS2,  MGS3)  and  7-Fe203  with  a  particle  size  of  about  1  pm  and  barium  ferrite  sized  0.1  pm.  Magnetite  and  y-Fe203  were 
obtained  by  precipitating  iron  hydroxide,  Fe(OH)3,  by  ammonia  fi-om  FeS04  aqueous  solutions  with  subsequent  heating  of  the  mixture 
to  70-80  °C.  The  precipitate  was  filtered  out,  dried  and  heat  treated  in  an  inert  atmosphere  in  the  temperature  range  of  100-400  °C.  For 
obtaining  y-Fe^Os,  heat  treatment  in  air  was  carried  out  in  the  temperature  range  of  150-300  °C. 

The  magnetic  properties  of  fillers  and  composites  were  evaluated  using  automated  vibration  magnetometer  with  maximal  field 
intensity  of  1260  kA/m  and  sensitivity  of  10'^  Gs  for  magnetization.  Magnetorheological  properties  were  judged  by  the  relative 
viscosity  Ar|/r|,  Ar|=rii-ri,  where  rii  and  p  are  the  viscosities  with  and  without  external  field.  The  viscosity  was  assessed  using  rotary 
viscometer  "Rheotest-2"  with  a  specially  designed  headpiece  which  permits  generating  the  magnetic  induction  of  0-100  pGs  in  the 
gap.  The  suspensions  of  powders  in  a  binder  were  prepared  using  ultrasonic  dipergating  unit  UZDM-2  with  the  fi-equency  of  44  kHz. 


RESULTS  AND  DISCUSSION 

The  magnetic  properties  of  the  examined  fillers  for  magnetorheological  compositions  are  presented  in  Table  1,  where  p  is  density, 
g/cm^  CTs  is  the  saturation  magnetization,  Gs-cm7g,  Or  is  the  residual  magnetization,  Gs-cm"/g,  Bs  is  the  saturation  magnetic  induction. 
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Gs,  Br  is  the  residual  magnetic  induction,  Gs,  is  the  coercive  force,  Oe,  |io  is  the  initial  magnetic  permeability,  pmax  is  the  maximal 
magnetic  permeability. 

The  data  shown  in  Table  1  allow  definite  conclusions  on  the  effect  of  the  synthesis  conditions  of  iron  oxides  on  their  magnetic 
properties.  The  coercive  force  of  MGS  does  not  depend  on  the  heat  treatment  temperature  in  an  inert  atmosphere  (He)  within  the 
examined  temperature  range.  The  oxidation  of  MGS  in  air  at  400  °C  until  the  formation  of  y-Fe203  causes  the  coercive  force  of  the 
powder  to  decrease  by  30%.  The  residual  magnetization  in  the  sequence  MgSl,  MGS2,  MGS3  and  MG  increases  fi'om  5  to  9.8 
Gs  cmVg,  which  is  apparently  connected  with  coarsening  of  y-Fe203  particles  at  elevated  temperatures. 

Table  1.  Magnetic  properties  of  fillers 


Figures  1  and  2  present  the  obtained  results  on  magnetization  and  relative  viscosity  for  compositions  based  on  FB,  FS  (particle  size 
5-6  lim),  FB*,  FS*  (particle  size  1-2  pm)  and  MG  (particle  size  5-6  pm)  in  transformer  oil,  the  concentration  of  the  filler  being  30 
wt%.  Magnetization  was  estimated  using  the  Hall  sensor  by  measuring  magnetic  induction  when  the  composition  was  placed  between 
the  poles  of  an  electromagnet.  The  magnetic  field  intensity  was  changed  reversibly  Ifom  0  to  200  kA^m  (the  hysteresis  loop).  As 
follows  fi'om  Fig.l,  the  compositions  possess  significant  residual  magnetization,  which  is  maximal  for  compositions  with  FB  and  FS 
and  somewhat  lower  for  MG-containing  suspensions.  These  results  correspond  to  the  magnetic  properties  of  the  fillers.  Decreasing  the 
particle  size  fi'om  5-6  to  1-2  pm  brings  about  a  certain  increase  in  residual  magnetization  of  compositions. 


186 


field  intensity.  For  the  examined  compositions,  magnetorheological  effect  decreases  in  the  series  ')'-Fe203  >SrFei20i9>BaFei20|9,  and 
is  stronger  for  fillers  with  a  particle  size  of  5-6  pm.  Decreasing  the  particle  size  to  1-2  pm  weakens  the  effect.  The  use  of  a  freshly 
prepared  magnetite  obtained  at  a  higher  heat  treatment  temperature,  MGS3,  results  in  a  stronger  effect  as  compared  with  commercial 
powder  MG  (Fig.3).  Compositions  with  7-Fe203  possess  lower  properties  in  comparison  with  MGS-based  compositions. 


Fig.  2.  Relative  viscosity 
versus  shear  rate  for 
suspensions  of  FB  (a),  FS 
(b),  FS*  (c)  and  MG  (d)  in 
transformer  oil. 


Thus,  the  obtained 
results  has  clearly 
demonstrated  that 

magnetorheological  effect 
decreases  in  the  following 
series  of  fillers: 
MGS3>MGSl>y- 
Fe203>MG>FS>FB> 
FS*>FB*. 

Basing  on  the  results 
listed  in  Table  1,  we 
conclude  that  a  stronger 
magnetorheological  effect  is 
characteristic  of 

compositions  which  possess 
higher  values  of  saturation 
magnetization  (oj)  and 
magnetic  permeability  (po). 
For  example,  for  the  above 
presented  series  of  iron 
oxide-based  fillers.  s 
changes  as  follows:  76,  70, 
50,  40.  The  values  of 
residual  magnetization  (Or) 

The  results  listed  in  Table  2  indicate  that  magnetic  properties  of  compositions  depend  on  type  and  properties  of  both  a  filler  and  a 
binder.  In  particular,  the  properties  of  MG-containing  compositions  are  optimal  for  binders  based  on  pentaphthalic  (varnish  PF-060) 
and  phenol-formaldehyde  resins  (PFR),  and  are  lower  for  varnish  EAS-510  based  on  epoxyacrylic  resin.  For  compositions  with  FB, 
optimal  magnetic  properties  are  attained  in  varnish  PF-060;  phenol-formaldehyde  resins  give  worse  results.  Decreasing  the  particle 
size  from  5-6  to  0. 1  pm  for  fillers  FB  and  FBS  brings  about  a  decrease  in  the  Bj,  B„  po  and  p^ax  values  and  an  increase  in  the 
coercive  force  (He). 


and  coercive  force  (He)  do  not  influence  the  magnetorheological  effect. 
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Fig  3.  Relative  viscosity  versus  the  magnetic  field  intensity  for  compositions 
containing  MG,  MGSl,  MGS2,  MGS3,  FS,  FB,  FS*  and  FB*  (curves  1  to  8, 
correspondingly)  at  a  shear  rate  of  100  s' . 


Table  2  lists  the  measured  magnetic  properties  of  flowable  compositions  ^^hich  contain  30  wt%  solid  ferromagnetic  phase  m 
different  binders. 


Table  2.  Magnetic  properties  of  flowable  compositions 


Binder 

Filler 

P 

Os 

Or 

Bs 

Br 

do 

Mm  ax 

K 

MG 

0.9 

31.0 

15.5 

350 

175 

168 

4.7 

120 

0.5 

PF-060 

MGS 

1.22 

26.0 

8.5 

425 

162 

118 

12.8 

130 

0.3 

FB 

1.18 

10.0 

7.7 

147.5 

112.5 

185 

4.4 

96 

0.7 

FBS 

1.16 

4.7 

3.0 

68.7 

43 

203 

0.1 

45 

0.6 

EAS-510 

MG 

1.39 

8.4 

4.2 

145 

72.5 

208 

3.3 

71 

0.5 

FFS 

MG 

0.95 

32.0 

16.0 

375 

188 

247 

9 

162 

0.5 

FB 

0.93 

5.8 

4.5 

64 

52 

355 

1 

47 

0.7 

As  follows  from  Fig  4  the  values  of  relative  viscosity  are  optimal  for  binders  based  on  pentaphthalic  resins  (vamish  PF-060) 
are  lower  for  the  binder  based  on  epoxyacrylic  resin  (vamish  EAS-510).  For  the  same  binder,  e.g.  vamish  EAS-510  or  PF-060, 
different  fillers,  magnetorheological  effect  decreases  in  the  following  series  MGS>MG>FBS. 


and 

with 


Fig.  4.  Relative  viscosity  versus  the  induction  of  an  applied  magnetic 
field  for  10%  dispersions  of  magnetic  fillers  MGS  (curves  1  and  1').  MG 
(curves  2  and  2'),  FB  (curves  3  and  3')  and  FBS  (curves  4  and  4')  in 
varnishes  EAS-510  (curves  1  through  4)  and  PF-060  (curves  1'  through  4'). 


It  should  be  noted  that  the  CTs  and  Bs  values  of  the  fillers  decrease  in  the 
same  sequence.  Lowering  the  particle  size  from  5  to  0. 1  pm  (fillers  FB  and 
FBS)  weakens  magnetorheological  effect. 
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CONCLUSION 


The  results  obtained  in  this  research  are  indicative  of  a  substantial  influence  of  a  polymeric  binder  on  magnetorheological  effect. 
This  is  connected  with  different  values  of  saturation  magnetization  of  the  compositions.  Besides,  it  is  established  that  orientational 
effects  in  a  magnetic  field  are  more  pronounced  for  iron  oxides  and  less  substantial  for  compositions  based  on  barium  and  strontium 
ferrites;  these  effects  depend  also  on  the  particle  size,  saturation  magnetization,  saturation  induction  and  initial  magnetic  permeability 
of  a  filler. 
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ABSTRACT 

In  this  research,  feasibility  of  using  ion-exchange-membrane-metal  composite  artificial  muscles  as  linear  platform  type 
actuators  was  studied.  In  order  to  achieve  linear  motion  from  these  typically  bending  type  actuators,  a  series  of  muscles  made 
from  ion-exchange-membrane-metal  composites  were  cut  in  strips  and  attached  either  end-to-end  or  to  one  fixed  platform  and 
another  movable  platform  in  a  cylindrical  configuration.  By  especially  prepared  electrodes  embedded  within  the  platforms  one 
can  convert  the  bending  response  of  each  strip  into  linear  movement  of  the  mobile  platform.  By  applying  a  low  voltage  the 
movement  of  free  end  of  the  actuator  could  be  calibrated  and  its  response  could  be  measured,  accordingly.  A  theoretical  model 
was  developed  and  was  compared  to  experimental  results.  Ion-exchange-membrane-metal  composites  are  highly  active  actuators 
that  show  very  large  deformation  in  the  presence  of  low  applied  voltage  and  exhibit  low  impedance. 

Keywords:  Linear  Actuator,  lon-Exchange-Membrane-Metal  Composite  Actuator,  Platform  Actuator,  Parallel  Actuator,  Linear 
Artificial  Muscles,  Biomechanical  Muscles,  Ionic  Polymeric  Actuators,  Composite  Film  Actuators 

2.  INTRODUCTION 

lon-exchange-membrane  (lEM)  metal  composites  are  highly  active  actuators  that  show  very  large  deformation  in  the  presence  of 
low  applied  voltage  and  exhibit  low  impedance.  They  operate  best  in  a  humid  environment  and  can  be  made  as  a  self-contained 
encapsulated  actuators  to  operate  in  dry  environments  as  well.  They  have  been  modeled  as  both  capacitive  and  resistive  element 
actuators  that  behave  like  biological  muscles  and  provide  an  attractive  means  of  actuation  as  artificial  muscles  for  biomechanics 
and  biomimetics  applications.  Grodzinsky',  Grodzinsky  and  Melcher^-^,  were  the  first  to  present  a  plausible  continuum  model  for 
electrochemistry  of  deformation  of  charged  polyelectrolyte  membranes  such  as  collagen  or  fibrous  protein.  Kuhn  and 
Katchalsky’  however  should  be  credited  to  have  been  the  first  investigators  to  report  the  ionic  chemomechanical  deformation  of 
polyelectrolytes  such  as  polyacrylic  acid  (PAA),  polyvinyl  chloride  (PVA)  systems.  Kent,  Hamlen  and  Shafer  were  also  the  first 
to  report  the  electrochemical  transduction  of  PVA-PAA  polyelectrolyte  system.  Recently  revived  interest  in  these  area  with 
concentration  on  artificial  muscles  can  be  traced  to  Shahinpoor^’*,  Shahinpoor  and  Mojarrad^’'”,  Osada**,  Oguro,  Asaka  and 
Takenaka*^,  Asaka,  Oguro,  Nishimura,  Mizuhata  and  Takenaka*^,  Guo,  Fukuda,  Kosuge,  Arai,  Oguro  and  Negoro'  . 

Essentially  polyelectrolytes  possess  many  ionizable  groups  on  their  molecular  chain.  These  ionizable  groups  have  the 
property  of  dissociating  and  attaining  a  net  charge  in  a  variety  of  solvent  medium.  According  to  Alexanderowicz  and 
Katchalsky'^  these  net  charge  groups  which  are  attached  to  network  of  macromolecules  are  called  polyions  and  give  rise  to 
intense  electric  fields  of  the  order  of  10’°  V/m.  Thus,  the  essence  of  electromechanical  deformation  of  such  polyelectrolyte 
systems  is  their  susceptibility  to  interactions  with  externally  applied  fields  as  well  as  their  own  internal  field  structure.  In 
particular  if  the  interstitial  space  of  polyelectrolyte  network  is  filled  with  liquid  containing  ions,  then  the  electrophoretic 
migration  of  such  ions  inside  the  structure  due  to  an  imposed  electric  field  can  also  cause  the  macromolecular  network  to  deform 
accordingly.  Shahinpoor'®-'’’'*^’^^-^''’^’^^’^”'’’^'’^^’^^-^''  and  Shahinpoor  and  co-workers**’^*-^^’^^’^*  have  recently  presented  a 
number  of  plausible  models  for  micro-electro-mechanics  of  ionic  polymeric  gels  as  electrically  controllable  artificial  muscles  in 
different  dynamic  environments.  The  reader  is  referred  to  these  papers  for  the  theoretical  and  experimental  results  on  dynamics 
of  ion-exchange  membranes  -platinum  composite  artificial  muscles.  Most  Ion  exchange  polymeric  membranes  swell  in  solvents 
and  by  and  large  are  hydrophilic.  This  gives  rise  to  ability  of  the  membrane  to  swell  in  water  which  can  be  controlled  in  an 
electric  field  due  to  ionic  nature  of  the  membrane.  Furthermore  by  placing  two  electrodes  in  close  proximity  of  the  membrane 
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walls  and  applying  a  voltage,  the  forced  transport  of  ions  within  a  solution  through  membrane  becomes  possible  at  microscopic 
level.  For  a  solvent  such  as  water  then  local  swelling  and  deswelling  of  membrane  can  be  controlled  depending  on  polarity  of  the 
electrode  nearby  more  like  the  behavior  of  the  bimorphic  materials.  This  can  be  achieved  by  chemical  or  other  possible  means  of 
plating  of  conductive  materials  on  membrane  surfaces.  Platinum  is  one  such  conductor  that  can  be  deposited  on  the  lEM. 

Also  being  ionic  in  microscopic  structure,  lEM  has  the  ability  to  shift  its  mobile  ions  of  the  same  charge  polarity  within 
itself  when  it  is  placed  in  an  electric  field  which  results  in  ionic  attraction  or  repulsion  between  the  fixed  charges  of  opposite 
polarity  contained  in  the  side  groups  wdthin  the  polymer  molecular  chain.  This  leads  to  local  collapse  or  expansion  of  the 
polymer  membrane  macroscopically.  Physically  this  causes  a  stress  gradient  on  opposite  sides  of  the  membrane  causing  it  to 
bend.  Therefore  by  applying  an  alternating  signal  at  low  voltage  one  can  achieve  membrane  oscillation  proportional  to  frequency 
and  amplitude  of  the  input  signal.  This  bending  oscillation  can  be  utilized  in  various  applications  as  in  a  linear  or  platform  type 
actuators. 

In  this  paper  strips  of  polyelectrolyte  Ion-Exchange  membrane  (lEM)  were  used  as  legs  for  linear  and  platform  type 
robotic  actuators.  The  ion-exchange  membrane  strips  were  chemically  plated  with  platinum.  A  small  function  generator  circuit 
was  designed  and  built  to  produce  approximately  ±4.0V  amplitude  square  wave  at  varying  frequency  up  to  60  Hz.  By  setting  the 
signal  frequency  to  the  desired  value  and  thereby  setting  the  frequency  of  bending  oscillation  of  the  membrane,  a  proportional 
dynamic  linear  actuation  of  each  leg  of  a  platform  type  robotic  actuator  could  be  obtained.  The  results  were  compared  to 
experimental  data  which  showed  close  agreement  In  order  to  study  the  feasibility  of  using  ion-exchange-membrane-metal 
composite  artificial  muscles  as  linear  platform  type  actuators,  a  series  of  muscles  made  from  ion-exchange-membrane-metal 
composites  were  cut  in  strips  and  attached  either  end-to-end  or  to  one  fixed  platform  and  another  movable  platform  in  a 
cylindrical  configuration.  By  especially  prepared  electrodes  embedded  within  the  platforms  the  bending  response  of  each  strip 
could  be  converted  to  linear  movement  of  the  mobile  platform.  By  applying  a  low  voltage  the  movement  of  free  end  of  the 
actuator  could  be  calibrated  and  its  response  could  be  measured,  accordingly.  A  theoretical  model  was  developed  and  was 
compared  to  experimental  results. 


3.  DESIGN  OF  LINEAR  &  PLATFORM  TYPE  ACTUATORS 

For  detailed  dynamics  description  and  analysis  of  the  dynamic  theory  of  ionic  polymeric  gels  the  reader  is  referred  to 
Shahinpoor'®'”''*'^®'^^'^'*'^^’^^’^^’^®'^'’^^'^^'’'*  and  Shahinpoor  and  co-workers'^’^’’^^’^^’^*.  Since  ionic  polyelectrolytes  are  for  the 
most  part  three  dimensional  network  of  macromolecules  cross-linked  nonuniformly,  the  concentration  of  ionic  charge  groups  are 
also  nonuniform  within  the  polymer  matrix.  Therefore  the  mechanism  of  bending  is  related  to  migration  of  mobile  ions  within  the 
network  due  to  imposition  of  an  electric  field  as  shown  in  Figure  1  below. 


Figure  1-  Bending  of  lEM-Pt  composite  muscles  due  to  ionic  rearrangement  within  the  network 

Ion  exchange  membrane  (lEM)  chemically  treated  with  platinum  salt  solution  gives  rise  to  lEM-platinum  composites  that 
undergo  large  deformations  in  an  electric  field  of  a  few  volts  (1. 5-3.0  V/mm^  depending  on  the  size  and  thickness  of  the 
membrane).  They  also  show  remarkable  vibrational  characteristics  (30  Hz  or  higher  depending  on  mass  and  geometry  of 
membrane)  bandwidth.  For  experimental  evidence  on  the  dependence  of  deformation  amplitude  on  the  imposed  voltages  and 
frequencies  the  reader  is  referred  to  other  papers  by  this  author  and  his  co-researchers  in  this  conference 
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A  simple  one-dimensional  model  of  electrically-induced  deformation  of  ionic  polymeric  gels  is  such  that : 

o=(l/3)E(Co,Ci)(>.-r").  (1) 

o  =  K  (Co,  Ci)  E*^  (2) 


where  a  is  the  stress,  X  is  the  stretch,  E(Co,  Q)  is  the  corresponding  Young’s  modulus  of  hyper-elasticity,  Co  is  the  polymer 
solid  concentration,  Ci,  (i=l,2,....,N)’s  are  the  molal  concentration  of  various  ionic  species  in  the  aqueous  medium,  k  (Co,  Cj)  is 
an  electromechanical  coefficient  and  E*  is  the  local  electric  field.  Thus  bending  can  occur  due  to  differential  contraction  and 
expansion  of  outer  most  remote  fibers  of  a  strip  if  an  electric  field  is  imposed  across  its  thickness  as  shown  below  in  Figure  2. 


Electrodes 


Figure  2-  Bending  of  EEM-Pt  composite  muscles  under  an  electric  field 

Figure  3  depicts  the  bending  deformation  of  a  typical  strip  with  varying  electric  field,  while  Figure  4  displays  the  variation  of 
deformation  with  varying  frequency  of  alternating  electric  field. 


Voltage  vs.  Displacement 


Figure  3-Bending  Displacement  versus  Voltage  for  a  typical  strip  of  0. 1 7mnix5mmx20mm. 


194 


Ionic  Polymeric  Composite  Film  Response 


Figure  4-Frequency  dependence  of  bending  deformation  of  lEM-Pt  composite  muscles 

Based  on  such  dynamic  deformation  characteristics,  linear  and  platform  type  actuators  can  be  designed  and  made  dynamically 
operational.  These  types  of  actuators  are  typically  shown  in  Figures  5  and  6. 


Figure  5-  A  typical  linear-type  robotic  actuators  made  with  lEM-Pt  composite  legs 
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Figure  6-  Atypical  platform-type  actuator  made  with  an  assembly  of  lEM-Pt  composite  bending  strip  muscles 

Figure  7  shows  an  assortment  of  such  actuators  made  in  our  laboratory.  The  experimental  results  on  the  deformataon  of  these 
actuators  as  depicted  in  Figures  and  4  have  been  found  to  agree  with  the  theoretical  predictions  as  presented  m  references  [16J 

through  [34], 


Figure  7-  An  assortment  of  Unear  and  platform  type  actuators  made  in  our  laboratory. 


4.  CONCLUSION 


In  this  paper  the  feasibility  of  designing  linear  and  platform  type  robotic  actuators  made  with  a  polyelectrolyte  ion  exchange 
membrane-metal  composite  artificial  muscle  were  presented.  In  order  to  achieve  linear  motion  from  these  typically  bending  type 
actuators,  a  series  of  muscles  made  from  ion-exchange-membrane-metal  composites  were  cut  in  strips  and  attached  either  end- 
to-end  or  to  one  fixed  platform  and  another  movable  platform  in  a  cylindrical  configuration.  By  especially  prepared  electrodes 
embedded  within  the  platforms  one  can  convert  the  bending  response  of  each  strip  into  linear  movement  of  the  mobile  platform 
By  applying  a  low  voltage  the  movement  of  free  end  of  the  actuator  could  be  calibrated  and  its  response  could  be  measured, 
accordingly.  A  theoretical  model  was  developed  and  was  compared  to  experimental  results. 
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ABSTRACT 

Self  assembled  molecular  systems  are  a  focus  of  attention  for  material  scientists  as 
they  provide  an  inherent  molecular  level  organization  responsible  for  enhanced  material 
properties.  We  have  developed  polymeric  molecular  systems  with  interesting  optical 
properties  by  biochemical  engineering,  which  can  be  self  assembled  to  thin  films. 
Horseradish  peroxidase  catalyzed  polymerizations  of  phenolic  monomers:  8- 
hydroxyquinoline-5-sulfonic  acid,  acid  red  and  decyl  ester  (d&l  isomers)  of  tyrosine,  have 
been  achieved  in  the  presence  of  hydrogen  peroxide.  The  polymer  of  8-hydroxyquinoline- 
5-sulfonic  acid  acts  as  a  polymeric  ligand  that  can  be  used  for  metal  ion  sensing.  The 
polymer  of  acid  red,  with  azo  functional  groups  in  the  polymer  backbone,  shows 
interesting  optical  properties.  Amphiphilic  derivatives  of  tyrosine  self  assemble  into 
tubules  from  micelles  in  aqueous  solutions.  These  tubules  have  been  enzymatically 
polymerized  to  polymeric  tubules.  The  tubules  are  of  5pm  average  diameter  and  >200  pm 
length.  The  formation  and  properties  of  these  tubules  are  discussed. 


1.  INTRODUCTION 

Ultrathin  organic  films  are  currently  gaining  interest  in  many  areas  such  as 
integrated  optics,  sensors,  coatings  and  surface  orientation  layers.  A  recent  approach  to 
build  multilayer  assemblies  is  by  consecutive  alternate  adsorption  of  anionic  and  cationic 
polyelectrolytes. This  layer-by-layer  deposition  technique  through  electrostatic 
interaction  of  polyelectrolytes  has  become  an  attractive  technology  for  the  fabrication  of 
thin  film  devices  with  molecular  level  control  on  the  organization.  This  deposition  results 
in  100%  coverage  of  the  substrate  independent  of  the  substrate  size  and  topology.^ 
Polymers  with  a  wide  range  of  properties  such  as  electrical  conductivity, 
electroluminescence,  nonlinear  optical  and  redox  properties  can  be  assembled  into  thin 
films  with  controlled  supramolecular  architecture.^ 

Chemical  synthesis  of  polymers  with  electroactive  properties,  though  very 
extensively  studied,  is  environmentally  harmful.  Enzyme  catalysis,  on  the  other  hand,  is 
becoming  increasingly  popular  in  organic  synthesis.^'^  Enzymes  provide  a  means  of 
synthesis  of  specialty  chemicals  in  the  purest  forms  possible  under  environmentally  mild 
chemical  conditions.  Horseradish  peroxidase  catalyzed  oxidative  free  radical  coupling  of 
phenols  have  been  explored  in  various  experimental  conditions:  in  aqueous,  solvent 
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mixtures,  micelles,  reverse  micelles  and  at  the  air-water  interface  to  control  the  molecular 
weight,  organization  and  ordering  of  the  resulting  polymer.5-9  Scheme  1  provides  the 
mechanism  of  HRP  catalyzed  polymerization  of  phenols. The  oxidized  form  of  the 
enzyme  (compound  I)  reacts  with  two  molecules  of  electron  donors,  which  in  turn  get 
oxidized  to  their  respective  free  radicals.  These  free  radicals,  with  possible  resonance 
stabilization,  undergo  oxidative  free  radical  coupling  reactions,  which  will  result  in  the 
growth  of  the  polymer  chain. 

Stepl:  HRP  +  H2O2  - ►  Compound  - 1  +  H2O 


Figure  1:  Mechanism  of  HRP  catalyzed  polymerization  of  phenols 

In  this  paper,  we  discuss  the  synthesis  of  some  of  the  polyphenols.  We  describe  the 
potential  applications  of  these  polymeric  systems.  Also,  the  post-organization  of  these 
polymers  to  ultrathin  films  through  the  layer-by-layer  deposition  technique  is  discussed. 
We  also  report  the  self  assembly  of  amphiphilic  phenolic  monomers  into  tubules  and 
some  of  the  properties  of  these  structures. 


2.  MATERIALS  AND  METHODS 
2.1  Materials 

Horseradish  peroxidase  was  purchased  from  Sigma  Chemicals  Co.  Acid  red,  8- 
hydroxyquinoline-5-sulfonate  and  hydrogen  peroxide  were  obtained  from  Aldrich 
Chemicals  Co.  The  decyl  esters  of  tyrosine  were  synthesized  by  the  esterification  of 
tyrosine  with  decanol.  All  other  chemicals  were  of  analytical  grade. 

The  spectroscopic  characterization  of  the  polymer  and  the  polymerization  reaction 
were  followed  using  a  Perkin  Elmer  Lambda  9  UV-Vis-near  IR  spectrophotometer.  The 
scattering  experiments  to  determine  the  cmc  were  carried  out  using  a  SLM  8100 
spectrofluorometer.  The  NMR  experiments  were  carried  out  using  a  Bruker  DPX  200 
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spectrometer.  Scanning  electron  microscopy  (Amray  1400  Scanning  Electron  Microscope) 
was  used  to  study  the  surface  morphology  of  the  tubules. 

2.2  Experimental  Procedures 

Horseradish  peroxidase  catalyzed  polymerization  of  phenolic  derivatives  has  been 
carried  out  at  pH  6.0.  The  monomers  (~  lOOmg)  were  dissolved  in  10  ml  of  the  phosphate 
buffer  and  10  imits  enzyme  was  introduced  to  the  monomer  solution.  The  polymerization 
reaction  was  initiated  by  the  addition  of  5  pi  of  30%  hydrogen  peroxide  solution  into  the 
reaction  medium.  To  ensure  the  completion  of  the  polymerization,  additional  aliquots  of 
hydrogen  peroxide  were  added  to  the  reaction  medium  with  one  hour  time  intervals  such 
that  the  substrate  induced  inhibition  of  the  enzyme  is  minimized. 

Self  assembly  of  the  poly(acid  red)  on  a  glass  slide  was  carried  out  by  the  layer-by- 
layer  deposition  technique.^  A  glass  slide  treated  with  alkali  (Chemsolv®)  was  exposed  to 
polycation  and  polyanion  solutions  repeatedly  with  in  between  washes  to  transfer 
monolayers  of  these  polyelectrolytes  per  every  exposure.  Img/lOml  solution  of 
poly(diallyldimethylammonium  chloride)  (PDAC)  at  pH  2.5  was  used  as  the  polycation 
while  Img/lOml  solution  of  polyphenol  also  at  pH  2.5  was  used  as  the  polyanion.  The 
glass  slide  was  exposed  to  the  polyelectrolyte  solution  for  10  minutes  and  washed  with 
water  at  pH  2.5  to  remove  any  unbound  polymer  from  the  surface.  This  process  was 
repeated  to  obtain  the  desired  number  of  bilayers. 

Amphiphilic  tyrosine  derivatives  (CIO  esters)  were  dissolved  in  aqueous  solution  at 
pH  3.0  and  then  the  solution  pH  was  increased  to  6.0.  At  concentrations  above  cmc,  when 
the  solution  was  allowed  to  stand  for  over  an  hour,  the  micelles  organize  themselves  into 
tubules.  These  tubules  are  then  polymerized. 


3.  RESULTS  AND  DISCUSSION 
3.1  Enzymatically  designed  polymeric  ligand 

Quantitative  estimation  of  heavy  metal  ions  in 
environmental  samples  is  important  in  order  to  monitor  and 
remediate  the  environmental  pollutants.  A  large  number  of 
approaches  have  been  attempted  for  efficient  fabrication  of 
metal  ion  sensors.  We  propose  a  complexometric  approach 
based  on  a  polymeric  ligand  utilizing  the  characteristic  spectral 
properties  of  the  metal-complex.  8-hydroxyquinoline  is  a  Figure  2;  Structure  of  8- 
bidentate  ligand,  which  forms  complexes  with  metal  ions  such  hydroxyquinoline-5- 
as  Fe(III).  8-Hydroxyquinoline-5-sulfonate  (HQS)  (Fig.  2)  has  sulfonate 
been  enzymatically  polymerized  to  produce  a  water  soluble 

polymer  (PHQS).  PHQS  is  a  polymeric  ligand.  It  has  been  established  by  in-situ  proton 
NMR  studies  that  the  oxidative  free  radical  coupling  takes  place  at  positions  2,  4  and  7, 
with  the  order  of  preference  being  7>2>AM  Polymerization  reaction  is  rapid  and  the 
polymer  is  soluble  in  water  and  methanol.  The  polymerization  was  confirmed  by  both 
proton  and  NMR  spectral  studies.  Fig.  3  gives  the  spectra  of  the  monomer  and  the 
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Figure  3:  spectra  of  the  monomer  and  the  polymer  of  HQS 

The  complexing  capability  of  the  polymeric  ligand  PHQS  has  been  studied  with 
Fe(ni).  The  absorption  spectra  of  the  polymer  and  the  polymer-Fe(m)  complex  in  water  is 
given  in  Figure  4.  The  complex  shows  a  spectrum  with  absorption  maxima  at  450  and  580 
nm  respectively.  The  characteristic  spectral  features  of  the  complex  can  be  used  as  a  probe 
for  the  colorimetric  detection  of  metal  ions.  In  this  illustration,  we  have  used  the 
absorption  band  at  450  nm  as  a  measure  of  the  concentration  of  the  complex,  which  in  turn 
is  the  concentration  of  the  metal  ion  present  in  solution.  Figs.  5  and  6  represent  plots  of 
absorbance  at  450  nm  as  a  function  of  concentration  of  the  metal  ion  and  the  ligand  for  a 
fixed  concentration  of  the  ligand  and  the  metal  ion  respectively.  The  absorbance  increases 
linearly  till  the  metal  -  ligand  concentrations  attain  the  stoichiometric  ratio  and  then 
saturates.  These  observations  suggest  that  desired  dynamic  ranges  for  the  detection  of 
metal  ion  can  be  achieved  by  the  proper  control  of  the  ligand  concentration.  The  ligand 
has  different  co-ordination  strengths  with  different  transition  metal  ions.  The  spectral 
features  of  the  complex  will  depend  on  the  metal  ion  in  the  complex,  which  suggests  that 
one  can  use  this  ligand  for  the  complexation  and  quantitative  estimation  of  metal  ions. 
One  can  use  this  polymeric  ligand  in  the  immobilized  form  for  the  fabrication  of  a 
sensitive  metal  ion  sensor.  With  the  development  of  the  layer-by-layer  multilayer 
deposition  technique  based  on  the  charge  compensation  of  polyelectrolyte  pairs,  one  can 
assemble  these  polymeric  ligands  into  organized  multilayers,  that  can  be  used  as  solid  state 
sensors  for  the  metal  ions.  Moreover,  these  films  can  used  for  the  separation  of  metal  ions 


in  trace  amounts  based  on  the  binding  capacities  of  the  metal  ions  with  the  polymeric 
ligand. 


Wavelength(nm) 

Figure  4:  Absorption  spectra  of  the  polymer  and  polymer-Fe(ni)  complex 
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Figure  5:  The  change  in  absorbance  for  a  fixed  concentration  of  the  ligand  as  a  function  ot 
Fe(in)  concentration.  [Fe(in)]  =  0.03mM 

Figure  6:  The  change  in  absorbance  for  a  fixed  concentration  of  Fe(in)  as  a  function  ot 
ligand  concentration.  [Ligand]  =  0.06mM 
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3.2  Layer-by-layer  deposition  of  poly(acid  red) 


Figure  7.  Structure  of  acid  red 


Azopolymers  are  gaining  considerable  interest  in  the  recent  years  due  to  their 
capability  to  undergo  cis-trans  isomerization  which  can  be  used  to  various  device 
applications.  Acid  red  (Figure  7)  is  a  phenolic  azodye,  which  can  be  enzymatically 
polymerized  to  a  pol)^henol  with  azo  functionality  built  in  the  molecule.  This  polymer  is 
soluble  in  all  solution  pH  conditions,  because  of  the  sulfonic  acid  groups.  This  makes  it  a 
perfect  'command  layer'  for  the  fabrication  of  thin  films  by  the  layer-by-layer  deposition 
technique.  This  polymer  can  be  used  as  polyanion  with  a  variety  of  other  polycations  of 
interest.  In  the  preliminary  studies  on  fabrication  of  multilayers  by  this  techniques,  we 
have  demonstrated  that  one  can  build  multilayers  of  this  polyphenol  with 
polydiallydimethylammonium  chloride  under  acidic  pH  conditions.  Figure  8  gives  the 
absorption  spectra  of  some  of  the  bilayers  of  these  deposited  on  a  glass  slide  at  pH  2.5.  Since 
PDAC  is  not  absorbing  in  the  spectral  region  scanned  in  this  study,  the  absorbance  is  solely 
due  to  the  polyphenol. 
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Figure  8:  Self  assembled  multilayers  of  acid  red  on  a  glass  slide. 
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The  absorption  spectrum  of  the  multilayer  assembly  gives  the  absorption  maxima  at 
510  nm,  which  increases  linearly  with  the  number  of  bilayers  as  shown  in  the  inset.  The 
constant  change  in  absorbance  per  bilayer  indicates  that  one  can  build  thin  films  with 
precise  control  over  thickness  and  orgartization.  The  average  thickness  per  bilayer  is  about 
35A2,  which  indicates  the  coiled  nature  of  the  polymers  in  the  molecular  assembly.  The 
orientation  of  the  chromophore  in  the  seif  assembled  films  was  studied  by  polarized  UV- 
Vis  spectroscopy.  Figure  9  summarizes  such  a  study,  which  indicates  that  the 
chromophores  are  randomly  oriented  in  the  plane  of  the  slide.  This  approach  of  making 
thin  films  can  be  extended,  for  example,  to  the  fabrication  of  thin  films  of  biomolecules 
sandwiched  between  conjugated  polymer  layers  for  biosensing  applications. 
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Figure  9:  Polarized  UV-Vis  spectra  of  the  poly(acid-red)  deposited  on  glass  slide  via  layer- 
by-layer  deposition  technique.  The  spectra  represented  here  are  recorded  under  conditions 
of  unpolarized,  parallel  and  perpendicular  polarizations  with  respect  to  the  dipping 
direction. 

3.3  Self  organized  decyl  esters  of  tyrosine 

Amphiphilic  molecules,  self  assemble  in  aqueous  medium  forming  various  types  of 
molecular  aggregates  such  as  micelles,  vesicles,  etc.  Micelle  size  and  shape  depends  on  the 
concentration  of  the  amphiphilesl^  and  the  presence  of  counterions.  13  Elongated  micelles 
also  referred  to  as  tubules,  usually  results  from  spherical  micelles,  when  certain  changes,  as 
mentioned  above,  are  made  to  the  system.  These  microstructures  were  reported  to  consist 
of  bilayers  wrapped  around  a  hollow  core.l^'l^ 

Decyl  esters  of  d  (DEDT)and  1  (DELT)  isomers  of  tyrosine,  whose  structures  are  shown  in 
Figure  10,  were  found  to  assemble  into  macroscopic  structures,  which  are  a  result  of 
tubule-tubule  aggregation.17  This  happens  only  when  the  concentration  of  the 
amphiphiles  exceeds  0.31mM,  and  at  a  pH  above  6.0.  This  concentration  is  above  the 
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critical  micelle  concentration  (cmc  )  of  the  amphiphiles.  The  cmc.  of  both  DEDT  and  DELT 
were  found  to  be  about  O.lSmM,  based  on  Raman  scattering  experiments  (Figure  11). 


OH  OH 

DEBT  DELT 


Figure  10:  Structure  of  decyl  ester  of  tyrosine 


Under  the  0.31mM  monomer  concentration  conditions,  the  solution  was  at  first 
observed  to  become  turbid.  Formation  of  the  macrostructures  were  visualized  only  after 
allowing  the  solution  to  stand  for  a  few  hours.  The  rate  could  be  accelerated  by  stirring  the 
solution  occasionally  and  by  increasing  the  concentration  of  the  amphiphiles  and  the  pH. 
The  structures  appear  to  be  the  result  of  very  weak  interactions,  since  the  structures 
disperse  upon  gentle  stirring.  However,  we  have  been  able  to  polymerize  these  structures 
enzymatically  using  HRP.  By  so  doing  we  hope  to  render  these  self  assembled 
macrostructures  rugged  and  stable  for  practical  applications.  The  reaction  with  HRP  was 
found  to  be  very  fast  and  the  color  of  the  tubules  becomes  yellow  within  a  few  minutes  of 
the  reaction  initiation. 


Figure  11:  CMC  of  (a)  DELT  and  (b)  DEDT  by  Raman  scattering  experiment 
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Scanning  electron  miscrographs  of  the  tubules  of  the  DEDT  monomer  (Figure  12) 
and  polymerized  DEDT  tubules  (Figure  13)  had  been  used  to  visualize  the  monomeric  and 
polymeric  tubular  structures.  The  images  revealed  that  the  tubules  were  5|i.m  average 
diameter.  However,  the  polymeric  tubules  appear  to  be  more  highly  organized  and  have 
greater  length  (>200um)  than  the  monomeric  counterparts.  The  polymerized  tubules,  in 
addition,  were  found  to  be  more  stable  as  compared  to  the  unpolymerized  monomeric 
tubules.  We  could  obtain  higher  magnification  images  of  the  polymeric  tubules,  while 
under  identical  conditions,  the  monomeric  tubules  disintegrated  in  the  SEM.  The  tubule 
formation  and  the  surface  morphology  are  not  influenced  by  the  chirality  of  the  monomer. 
A  detailed  investigation  of  the  system  is  in  progress. 


lOum  lOKeV  XIOOO 


Figure  12;  SEM  image  of  monomeric  d-DEDT  tubules. 
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Abstract 

Molecular  recognition  sites  on  cell  membranes  serve  as  the  main  communication  channels  between  the 
inside  of  a  cell  and  its  surroundings.  Upon  receptor  binding,  celular  messages  such  as  ion  channel 
opening  or  activation  of  enzymes  are  triggered.  In  this  report,  we  demonstrate  that  artificial  ceU 
membranes  made  from  conjugated  lipid  polymers  (polydiacetylene)  can,  on  a  simple  level,  mimic 
membrane  processes  of  molecular  recognition  and  signal  transduction.  The  ganglioside,  GMl  was 
incorporated  into  polydiacetylene  liposomes.  Molecular  recognition  of  cholera  toxin  at  the  interface  of  the 
liposome  resulted  in  a  change  of  the  membrane  color  due  to  conformational  changes  in  the  conjugated 
(ene-yne)  polymer  backbone.  The  'colored  liposomes’  might  be  used  as  simple  colorimetric  sensors  for 
drug  screening  or  as  new  tools  to  study  membrane-membrane  or  membrane-receptor  interactions. 
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Introduction 

The  surface  of  a  cell  membrane  is  a  mosaic  of  highly  specific  molecular  recognition  receptor  sites. 
When  specific  ligand  binding  occurs  at  these  sites,  the  binding  event  is  often  transduced  into  a  cellular 
message.  Cell  membrane  recognition  sites  may  trigger,  for  example,  the  opening  of  ion  channels  or  the 
activation  of  intracellular  enzymes.  From  the  materials  science  point  of  view,  the  cell  membrane  may  be 
considered  a  completely  self-contained  biosensing  system  wherein  molecular  recognition  is  directly  linked 
to  signal  transduction.  We  have  been  interested  in  the  design  of  synthetic  membranes  that  attempt  to 
mimic,  on  a  very  simple  level,  the  complex  molecular  choreography  of  cell  membranes.[l]  These 
simplified  constructs  allow  the  study  of  fundamental  receptor-ligand  interactions  and,  in  a  more  practical 
sense,  the  application  of  receptor-ligand  binding  to  biosensor  design.  The  synthetic  membranes  are 
organized  supramolecular  structures  that  resemble  natural  cell  surfaces  at  the  interfacial  region,  but  possess 
a  chromophoric  conjugated  polymer  at  its  interior.  The  latter  part  serves  as  an  optical  'transducer'  of 
molecular  recognition  events  occuring  at  the  interface.[2,3,4,5]  Signalling  occurs  by  a  simple  color 
change  of  the  chromophoric  unit  from  blue  to  red. 


Previously,  we  demonstrated  that  polydiacetylene  (PDA)  thin  films  and  liposomes  functionalized 
with  sialic  acid  molecular  recognition  groups  can  bind  and  colorimetrically  detect  influenza  virus. [3,4] 
The  multi-valent  nature  of  viral  binding  at  die  interface  triggered  large  conformational  changes  in  the 
polymer  side  chains  followed  by  disruption  of  conjugation  in  the  chromophoric  polymer  backbone.  The 
result  was  a  visible  color  change  from  blue  to  red,  similar  to  color  changes  previously  observed  in  PDA 
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induced  by  heat  (thermochromism)  [6,7]  and  mechanical  stress  (niechanochromsm).[8]  For  the  viral 
binding  study,  the  ligand  molecule  for  the  bio-target  was  a  synthetic  chacetylenic  lipid  compound 
derivatized  with  the  binding  ligand.  The  ligand-lipid  could  be  cross-linked  with  the  remaining  diacetylene 
groups  forming  the  conjugated  polymer  backbone.  More  recently,  we  showed  that  naturmly  denved 
lipophiUc  molecules  can  be  incorporated  into  polydiacetylene  Langmuir-Blodgett  films.[9]  In  tms  report, 
we  show  that  these  molecules  can  also  be  formed  into  liposomes  when  mixed  with  a  polymerizable 
monomer  lipid. 


Gangliosides  are  a  complex  subclass  of  sphingolipids  that  are  derivatives  of  ceramide.  The  large 
polar  head  is  madp.  up  of  several  carbohydrate  units.  The  membranes  of  the  human  nervous  system 
contain  at  least  15  different  gangliosides  of  which  little  is  known  about  their  fonction.  However,  in 
addition  to  its  natural  role  in  animal  cells,  the  ganglioside,  Gmi,  (1),  is  the  point  of  attachment  of  cholera 
toxin  as  it  attacks  the  cell.  This  interaction  provides  a  useful  model  to  demonstrate  molecular  recogmtion 
between  the  protein  toxin  and  the  lipid-polymer  matrix. 
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Experimental  Section 


Materials.  Ganglioside,  Gmi,  cholera  toxin  from  Vibrio  cholerae  ,  human  serurn  albumin  and  wheat 
germ  agglutinin  were  purchased  from  Sigma.  5,7  docosadiynoic  acid  (2)  was  a  kind  gift  from  Professor 
Alice  Deckert.  De-ionized  water  was  obtained  by  passing  distilled  water  through  a  Millipore  uF 
ultrapurification  train.  Solvents  used  were  reagent  grade. 


Liposome  formation.  Compounds  1  and  2  were  dissolved  in  methanol  and  chloroform,  respectively. 
The  solutions  were  mixed  in  appropriate  volumes  to  achieve  a  lipid  mixture  of  5  %  by  mole  of  GMl  Md 
total  lipid  content  of  2  umoles.  The  solvent  was  evaporated  by  rotary  evaporation  and  2  ml  of  de-iomzed 
water  added  to  the  dried  lipid.  The  suspension  was  probe  sonicated^O,  cooled  and  polymerized  for  60 
minutes  using  a  hand-held  UV  lamp  (254  nm).  The  resulting  blue/purple  liposome  suspension  was  stored 
in  the  dark  at  4°C. 
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Colorimetric  Assay  Cholera  toxin  was  diluted  to  Img/ml  in  50  mM  Tris  buffer,  pH  7.0.  In  a  500  uL 
glass  cuvette,  blue  phase  liposomes  were  diluted  1:5  in  50  mM  Tris  buffer,  pH  7.0.  The  liposomes  were 
pre-incubated  in  the  buffer  for  15-30  minutes  to  ensure  stability  of  the  blue  phase  prior  to  the  addition  of 
cholera  toxin.  No  color  changes  were  observed  during  this  period.  Cholera  toxin  was  added  to  the 
cuvette  by  the  method  of  successive  additions.  After  each  addition,  the  contents  were  mixed  and  the 
visible  absorption  spectrum  was  recorded  as  a  function  of  time.  Typically,  95%  of  the  absorption  changes 
were  observed  to  occur  within  the  first  two  minutes  after  addition  of  toxin.  After  each  experiment,  the 
contents  of  the  cuvette  were  transferred  to  a  single  well  of  a  white  microtiter  plate.  The  pink-orange  color 
of  the  cholera-treated  liposomes  was  verified  visually  with  a  blue  negative  control. 


Results  and  Discussion 

Cholera  toxin  is  an  enterotoxin  of  the  gram-negative  bacterium  Vibrio  cholerae  that  causes 
potentially  lethal  diarrheal  disease  in  man.[ii]  The  cholera-GMi  interaction  is  weU-characterized[12]  and 
the  Gmi  hpid  can  be  easily  incorporated  into  liposomes.  Cholera  toxin  is  composed  of  two  subunits:  A 
(MW  27  kb  A)  and  B  (MW  1 1.6  kDa)  with  the  stoichiometry  AB5.  The  B  components  bind  specifically  to 
Gmi  gangliosides  on  cell  surfaces,  ultimately  leading  to  translocation  of  the  A1  fragment  through  the 
membrane  [13].  Previous  studies  have  shown  that  cholera  toxin  could  be  recognized  by  Gmi -containing 
supported  lipid  membranes  [14]  and  polymerized  Langmuir-Blodgett  films  containing  Gmi  atid  a 
carbohydrate  'promotor'  lipid  [9,15]. 


The  ganglioside  Gmi  was  mixed  at  5  mole  percent  with  the  diacetylene  'matrix  lipid'  monomers, 

2.  Liposomes  were  prepared  using  the  probe  sonication  method  and  polymerized  by  UY  irradiation  (254 
nm).  The  solid-state  polymerization  proceeds  as  a  1,4  addition  controlled  by  the  packing  of  the  monomers 
(scheme  1). 
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Scheme  1.  Polymerization  of  lipophilic  diacetylene  monomers  by  UV  irradiation.  The  reaction  proceeds 
as  a  1,4  addition. 


The  time  course  of  the  polymerization  is  shown  in  Figure  1.  The  visible  absorption  arises  from  the 
conjugated  ene-yne  system  that  comprises  the  polymer  backbone.  (The  monomer  absorption  occurs  at 
wavelengths  less  than  3(X)  nm).  The  absorption  intensity  increases  with  the  UV  irradiation  time  and  nearly 
saturates  after  a  total  energy  dose  of  7.2  J/cm^.  The  absorption  peak  at  620  nm  is  designated  as  the  PDA 
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blue  form  [16].  The  appearance  of  the  colored  polymer  provides  a  sensitive  and  simple  test  of  molecular 
order  in  the  self-assembled  nanostructure.  'Looser'  structures  such  as  micelles  would  not  form  the 
conjugated  polymer  due  to  the  topochemical  nature  of  the  polymerization  reaction.  The  formation  of 
liposomes  in  sonicated  samples  of  amphiphilic  diacetylenes  has  been  previously  demonstrated  by  electron 
microscopy  [17,18].  Transmission  electron  microscopy  of  the  liposomes  composed  of  5%  Gmi  and  95% 
2  indicate  an  oblong  shape  with  a  mean  length  of  600nm. 


The  conjugated  ene-yne  backbone  of  polydiacetylene  hposomes  results  in  the  appearance  of  a  deep 
blue/purple  solution  [19,20].  The  visible  absorption  spectrum  of  the  freshly  prepared  purple  liposomes  is 
shown  in  Figure  2A.  The  spectmm  can  be  analyzed  by  determining  the  initial  percentage  of  blue  phase 
(%B)  in  the  preparation  by  comparing  the  intensity  of  the  peak  at  620  nm  to  the  red  absorption  maxima  at 
490nm.  Typic^ly,  %B  «  50  for  the  initial  liposome  preparation.  When  cholera  toxin  is  added  to  the 
liposomes  composed  of  5%  Gmi  95%  2,  the  solution  immediately  changes  to  an  orange  color,  and  the 
'red  phase'  absorption  of  polydiacetylene  dominates.  Figure  2B  with  %B  ~18.  The  colorimetric  response 
(%CR)  is  measured  as  the  percent  cWge  in  the  absorption  at  620  nm  (blue  phase  poly^acetylene)  relative 
to  the  total  absorption  maxima  at  620nm  and  490nm  [21].  A  positive  response  is  obtained  if  the  %CR  is 
greater  than  7%.  These  color  changes  are  easily  seen  with  the  naked  eye,  particularly  if  the  liposome 
solution  is  placed  in  a  white  96- well  microtiter  plate.  If  the  ganglioside  GMI  was  mixed  with  a  matrix 
hpid  composed  of  10,12  pentacosadiynoic  acid  instead  of  5,7  docosadiynoic  acid,  (2),  the  colorimetric 
response  was  significantly  reduced.  The  enhanced  sensitivity  of  the  system  composed  of  matrix  lipid  2 
most  likely  arises  from  the  positioning  of  the  optical  reporter  group  nearer  to  the  interface  (three  methylene 
units  compared  to  eight).  We  have  previously  shown  by  FTIR  spectroscopy  that  small  rotations  about  the 
C-C  bond  p  to  the  polymer  backbone  are  sufficient  to  change  the  effective  conjugated  length  [4].  These 
conformational  changes  are  more  easily  transduced  through  shorter  alkyl  chain  length. 


Wavelength  (nm) 

Figure  1.  Visible  absorption  spectra  of  poly  diacetylene  liposomes  composed  of  5%  GMI  ligand,  1,  and 
95  %  matrix  lipid,  2  as  a  function  of  UV  irradiation  time.  The  liposomes  were  exposed  to  a  total  energy 
dose  of  7.2  J/cm^.  Each  spectrum  (in  order  of  increasing  absorption)  corresponds  to  a  dose  of  0.8,  1.6, 
2.4,  3.2,  4.0,  5.6  and  7.2  J/cm^. 
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A  negative  response  was  observed  if  the  ganglioside,  Gmi  ligand  was  removed  from  the 
liposomes  (for  example,  for  233  ug/ml  cholera  toxin  the  %CR  was  «  6  compared  to  =  43  with  the 
ganglioside  present).  Similarly,  negative  responses  were  obtained  when  comparable  quantities  of  other 
proteins  besides  cholera  toxin  were  added  to  the  GMi-containing  liposomes.  These  include,  human  serum 
albumin,  avidin  and  wheat  germ  agglutinin. 


Kinetic  experiments  indicate  that  greater  than  95  %  of  the  color  change  occurs  within  the  first  two  minutes 
of  adding  the  toxin.  The  color  transition  is  not  an  all  or  nothing  effect  but  depends  on  the  quantity  of  toxin 
titrated  into  the  solution.  Figure  3.  The  sigmoid  behavior  suggests  cooperativity  of  the  colorimetric 
transition.  This  may  indicate  that  the  binding  itself  is  cooperative  in  the  sense  that  binding  of  toxin  to  the 
Gmi  ligand  makes  the  binding  of  subsequent  toxins  more  favorable.  Alternatively  this  result  might  more 
appropriately  be  understood  in  terms  of  the  lipid-polymer  side  chain  conformation  and  its  result  on  the 
effective  conjugated  length  of  the  polydiacetylene  backbone.  Once  the  effective  conjugated  length  is 
reduced  as  a  result  of  toxin  binding,  subsequent  perturbation  of  the  remainder  of  the  lipid-polymer 
backbone  becomes  more  favorable.  This  might  be  explained  as  a  reduced  activation  barrier  of  the  blue  to 
red  conversion.  Temperature-dependent  studies  of  the  blue  to  red  transition  induced  by  molecular 
recognition  as  well  as  by  heat  (thermochromism)  may  shed  light  on  the  relative  energetics  of  the  blue-red 
transition.  In  addition,  the  effects  of  liposome  size  and  Gmi  mole  density  on  the  absolute  sensitivity  of 
this  approach  will  be  examined. 


Figure  2.  Colorimetric  detection  of  cholera  toxin  by  polymerized  diacetylene  liposomes  (5%  GMI  and 
95%  2).  (A)  Visible  absorption  spectrum  of  blue/purple  liposome  solution  prior  to  addition  of  cholera 
toxin.  Liposomes  were  diluted  in  Tris  buffer,  pH  7.0  to  a  final  concentration  of  100  mM  total  lipid.  (B) 
Visible  absorption  spectrum  of  liposomes  after  the  addition  of  cholera  toxin  to  a  final  concentration  of  3 10 
ug/ml.  The  incubation  time  with  the  liposomes  was  2  minutes. 
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In  summary,  we  have  demonstrated  that  protein-ligand  molecular  recognition  occurs  at  the  interfacial 
region  of  polymerized  hposomes  and  that  molecular  recognition  can  be  directly  hnked  to  signal 
transduction.  Such  artificial  membranes  resemble  the  organization  and  functionalization  of  ceU  membranes 
but  have  the  added  benefit  of  a  built-in  synthetic  'trigger'  that  signals  molecular  recognition  events  by  an 
easy  to  measure  color  change.  Non-specific  adsorption  if  it  occurs,  does  not  appear  to  effect  the  color  of 
the  liposome  solutions.  These  preliminary  results  suggest  that  polymerized  supramolecular  assembhes 
may  offer  an  alternative  approach  to  investigating  molecular  recognition  at  tailored  interfaces. 


Figure  3.  Colorimetric  response  (%CR)  of  polymerized  liposomes  (5%  GMl  and  95%  2)  after 
successive  additions  of  cholera  toxin.  The  liposomes  were  incubated  with  toxin  for  2  minutes  after  each 
addition  and  the  spectrum  recorded  as  in  Figure  2.  The  %CR  was  calculated  from  the  spectrum  according 
to  Footnote  21. 
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^^In  order  to  quantify  the  response  of  a  liposome  solution  to  a  given  amount  of  toxin,  the  visible  absorption  spectrum  of  the 
liposome  solution  without  the  toxin  was  analyzed  as: 

Bo  =  I62(y(l620+J490) 

The  same  value  was  calculated  for  liposome  solutions  exposed  to  cholera  toxin  (Bet)-  Ths  colorimetric  response  (%CR)  is 
defined  as  the  percentage  change  in  B  upon  exposure  to  toxin: 

CR  =  [(Bo-Bct)/Bo]  X  100  % 
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ABSTRACT 

Self-assembled  functional  molecules  in  mesoporous  materials  are  synthesized  directly  either  by 
co-assembly  of  dye-bound  surfactant  of  ferrocenyl  TMA  with  silicate  or  Pc  (phthalocyanine)  molecules 
doped  in  the  CjgTMA  micelles  with  oxides  framework  such  as  V2O5,  M0O3,  WO3  and  Si02.  The 

process  provides  well-organized  molecular  dopoed  mesoporous  structure  by  direct  and  simple 
procedure. 


INTRODUCTION 

Mesoporous  materials  invented  by  scientists  of  the  Mobil  Corporation  have  attracted 

considerable  interest  since  the  first  announcement  in  1992'^’^.  The  formation  mechanism  of  mesoporous 

f\  7 

materials  designated  as  MCM  products  have  been  studied  by  many  groups  ’  and  phase  change 
behavior  among  lamellae,  hexagonal  and  cubic  are  understood  in  terms  of  charge  matching  at  the 

interface  as  well  as  a  free  energy  argument  in  the  organized  organic/inorganic  system^.  The  MCM 
products  are  widely  synthesized  in  silica  (Si02)  framework  and  there  are  interests  for  extending  other 

oxides  such  as  Ti02^,  ¥265^^’^^,  Mo03^^,  because  their  potential  applicability  to 

adsorbents  and  catalytic  processes.  Hexagonal  tungsten,  vanadium  and  titanium  oxides  have  been 
successfully  produced  respectively,  and  other  oxides  mesophase  were  examined  in  Pb,  Fe,  Mn,  Zn,  Al, 
Co,  Ni  to  form  lamellae  structure.  Besides  extending  framework  oxides  to  other  class  of  transition 
oxides,  it's  quite  attractive  to  investigate  a  novel  process  of  mesoporous  film  formation.  Attempts  have 

been  made  for  silica  mesoporous  film  either  on  the  substrate^^’^^  or  air-water^^  interface.  Those  films 
might  be  used  for  device's  application  as  optical,  electric  and  chemical  sensors  as  well  as  membranes. 

In  this  work,  we  have  investigated  to  synthesize  photo-sensitive  mesoporous  materials  for  optical 
device  applications  where  the  photo-absorbing  dyes  are  doped  in  the  mesochannels  by  direct  self¬ 
organizing  process  of  the  surfactants,  not  by  external  doping  after  the  calcination  of  the  channel.  If  the 
synthetic  path  is  found  to  dope  functional  molecules  to  mesochannels  by  self-organized  co-assembly 
process,  it  will  open  a  wide  controllable  design  to  produce  functional  mesoporous  materials  for  optical 
application  such  as  sensors  or  luminescent  materials. 


218 


SPIEVol.  3040  •  0277-786X/97/$10.00 


EXPERIMENT  &  RESULTS 


In  order  to  make  self-assembled  functional  molecules  in  mesoporous  materials,  we  have 
investigated  two  different  methods  for  dye-doped  MCM  products.  The  first  one  is  by  using  dye-bound 
surfactant ;  Fe-TMA(ll-ferrocenylundecylammonium  bromide  where  the  trimethylammonium  surfactant 
has  a  ferrocenyl  dye  at  the  end  of  the  tail.  The  other  is  by  using  Cj^TMA 

(hexadecyltrimethylammonium  chloride)  and  the  Pc  (phthalocyanine  (C32H2gNg),  phthalocyanine  blue 
(C32H16N8CU))  molecules  are  doped  in  a  co-assembly  within  a  CjgTMA  micelles.  In  the  latter  case, 
Pc  molecules  are,  supposedly,  self-assembled  between  the  Cj^gTMA's  hydrophobic  tails  and  organized 

with  a  periodic  array  of  the  lipid  micelle  structures.  The  schematic  diagram  of  the  two  new  synthetic 
process  are  described  in  Figure  1.  The  Fe-TMA  surfactant  has  a  ferrocenyl  ligand  at  the  lipid  M  and  a 
distance  of  eleven  carbons  to  trimethylammonium  cation.  The  isolated  molecules  have  an  absorption 
band  at  440  nm  which  is  coloured  to  yellow.  The  latter  case,  Cj^gTMA  as  well  as  Fe-TMA  was  used  to 

make  Pc-doped  MCM  with  various  metal  oxides  framework  where  the  doping  ratio  and  the  mesophase 
structure  was  changed  by  a  combination  of  Pc-dyes  and  framework  oxides.  In  the  first  case,  we  have 
synthesized  Fe-TMA-MCM  in  a  similar  way  as  an  acidic  synthesis  of  Silica  MCM  while  C^gTMA  was 

replaced  by  Fe-TMA.  The  molar  ratio  of  the  synthetic  precursors  were  as  follows;  1.0  TEOS  ;  9.0  HCl : 
0.12  Fe-TMA  :  130  H2O ,  which  is  an  exactly  same  molar  ratio  as  a  first  acidic  hexagonal  silica  MCM 

synthesis  as  is  shown  in  table  1.  In  spite  of  the  lower  concentration  of  the  surfactants,  hexagonal 
phase  were  successfully  produced  and  the  products  were  colored  (yellow  green)  by  the  surfactant's 
ferrocenyl  ligands.  Fig.  2  (a)  shows  a  low  angle  XRD  scan  for  Fe-TMA-MCM  and  the  fundamental 
reflection  pattern  of  the  hexagonal  mesophase  was  clearly  observed.  The  d-spacing  of  the  products  was 
37  A  which  is  as  twice  long  as  the  Fe-TMA  surfactant  and  those  are  basically  same  products  as  silica 
MCM  where  lipid  micelle  forms  the  mesochannel  structure.  Slight  shift  of  the  molar  ratio  of  surfactant  to 
silicate  was  proved  to  result  in  the  same  hexagonal  MCM  products.  Figure  2  (b)  shows  a  transmission 
electron  microscopy  (TEM)  photograph  of  the  Fe-TMA-MCM  and  the  hexagonal  array  of  the 
mesoporous  channels  are  clearly  observed.  As  far  as  an  eye-observation  on  the  whole  area  of  the  low 
magnification  view,  only  hexagonal  phase  was  produced  and  other  phase  such  as  cubic  or  lamellae  was 
not  observed. 

The  result  shows  that  the  Fe-TMA  surfactants  can  synthesize  hexagonal  mesophase  in  a  similar  way 
as  silica  MCM  and  this  is  a  first  complete  synthesis  of  the  mesoporous  products  through  ferrocenyl 
surfactants.  As  a  Fe-TMA  surfactant  carries  ferrocenyl  dye  at  the  end  of  the  lipid  tail,  the  initial  products 
possess  an  optical  absorption  band  in  a  visible  light  wavelength  region  and  those  are  colored  in  light 
green  or  yellow  green.  Figure  3  shows  an  absorption  spectrum  of  Fe-TMA-MCM  powders  and  two 
absorption  band  at  440  nm  and  640  nm  were  clearly  seen.  The  absorption  at  440nm  was  ascribed  to  a 
reduced  state  of  the  ferrocenyl  ligand  of  Fe-TMA  and  the  one  at  640  nm  was  an  oxidized  state.  Because 
of  the  ferrocenyl  dyes  are  incorporated  in  the  chaimel  by  self-assembly  process,  the  absorption  of  the 
products  are  coming  from  concentrated  dyes  at  the  channel's  center.  The  absorption  band  of  440  nm  is  a 
reduced  state  and  identical  to  the  absorption  of  isolated  Fe-TMA  molecules  in  the  solution,  while  the  one 
at  640  nm  is  an  oxidized  state  and  the  peak  appeared  by  the  reaction  with  air  (oxygen)  after  the 
synthesis.  As  the  products  are  exposed  to  air  at  ambient  temperature,  the  absorption  intensity  of  640  nm 
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1.  Fe-TMA  (Ferrocenyl  TMA) 

1 1-Ferrocenyltrimethylundecylammonium  bromide 

Dye-bound  surfactant 


2.  C,  JMA 

Pc-doped  in  the  micelle 


Figure  1.  Two  different  ways  of  self-assembled  synthesis  of  Pc-doped  MCM.  The  former 
by  using  Fe-TMA  surfactants  and  the  latter  is  by  using  C^gTMA  surfactants. 


Fe-TMA-MCM 


weight 

molar  ratio 

Si-")-, 

Fe-TMA  :  0.12  g 

(0.12) 

C^JMA 

TEOS  :  0.45  g 

(1.0) 

TEOS 

H2O  :  5.00  g 

(130) 

H2O 

HCl  (35%)  :  2.00  g 

(  9  ) 

HCl 

Table  1  The  synthetic  condition  for  Fe-TMA-MCM.  The  molar  ratio  is  as  same  as 
an  acidic  synthesis  of  Silica  MCM. 


Fig.2(a)  Low  angle  XRD  spectrum  for 
Fe-TMA-MCM 
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increases  with  time.  In  this  new  process,  it  is  not  necessary  to  dope  molecules  into  mesoporous 
channels  after  the  pore  become  open  by  calcination.  The  process  provides  economic  and  more  efficient 
way  to  dope  heavily  in  the  mesochannels.  The  molar  ratio  of  ferrocenyl  dye  to  silica  is  as  high  as  12% 
which  is  higher  doping  ratio  than  other  conventional  method  to  silicate  materials. 

The  second  method  to  make  self-assembled  molecules  in  a  mesoporous  materials  is  by  mixing  dye 
molecules  among  the  surfactant's  hydrophobic  tails  where  the  dye  molecules  are  inserted  in  a  periodic 
manner  within  a  mesoporous  chaimels,  which  are  basically  similar  system  to  chloroplast  in  the  natural 
plants.  In  the  present  work,  We  have  chosen  Pc  (phthalocyanine  (C32Hj^gNg),  phthalocyanine  blue 

(C32Hj^NgCu))  molecules  as  dopants  and  metal  oxides  of  V2O3,  WO3,  M0O3,  PbO,  and  Si02  as 

mesoporous  framework.  The  synthetic  procedures  of  Pc-doped  MCM  by  C16TMA  and  Pc  are 
schematically  drawn  in  figure  4.  For  example,  in  Pc-doped  V2O3  MCM  case,  the  process  is  as  follows; 

the  ammoniumvanadate  (NH^VOg)  ;  1.0  g,  was  first  dissolved  in  a  aqueous  water  (18g)  with  an 

addition  of  amount  of  NaOH  (1.2g)  to  be  solvated  completely.  And  the  Cj^gTMA  (0.54g)  are  dissolved 

in  the  above  solution  with  no  precipitation  at  this  high  pH  condition.  And,  the  various  amount  of  Pc 
(0.043g  -  0.34g)  were  added  to  the  above  solution  and  stirred  for  1  hour.  Surprisingly,  the  Pc  molecules 
were  solvated  quite  well  in  the  surfactant  solution,  which  becomes  completely  blue  because  of  the  Pc 
molecules  are  isolated  within  the  surfactant  micelles.  In  the  present  experiment,  the  molar  ratio  of  Pc  to 
C^gTMA  was  changed  from  0.0  to  1/2.5,  so  that,  in  heavy  doping  case.  Pc  are  mserted  in  every  several 

surfactant  molecules.  After  stirring  Pc/C^gTMA  solution,  HCl  (5N)  are  added  drop  wise  to  gradually 

decrease  a  solution  pH  to  around  1.0.  As  HCl  adding,  vanadium  oxides  start  precipitating  at  the  surface 
of  the  micelle  and  mesoporous  vanadium  oxides  with  Pc  molecules  doped  in  the  mesochannel  were 
made.  Similarly,  Pc-doped  WO3-MCM  as  well  as  Pc-doped  M0O3-MCM  were  produced;  the 

ammonium  tungstate  para  pentahydrate  ((NH4)2gWj^204j5H20)  were  dissolved  in  water  with 

Cj^gTMA  at  high  pH  and  Pc  were  well  solvated  in  the  above  surfactant  solution  with  stirring.  The  WO3- 

MCM  was  formed  by  a  drop  wise  addition  of  HCl  and  green-blue  colored  Pc-doped  MCM  powder  was 
precipitated.  In  the  case  of  Pc-MoOg-MCM,  ammonium  phosphomolybdate  trihydrate  ((NH4)2P04 

I2M0O3  3H2O)  was  used  as  a  precursor  chemical  for  the  MCM  products.  In  silica  (Si02)  case.  Pc  was 

first  dissolved  in  the  C^gTMA  surfactant  solution  at  low  pH  (acidic)  condition  and  TEOS 

(tetraethoxysilane)  was  added  to  precipitate  Pc-doped  MCM  powders.  The  molar  ratio  of  Pc  to  Ci^tma 

was  changed  from  0  to  1/2.5  and  the  products  were  characterized  by  TEM,  low  angle  XRD  and  optical 
absorption  measurements.  The  change  of  d-spacing  as  well  as  mesophase  structure  induced  by  the  Pc- 
doping  was  examined. 

Figure  5  (a)  shows  a  low  angle  XRD  (LAXRD)  scan  for  Pc-doped  V2O2  MCM  with  a  variation  of  Pc- 
dopiug  ratios.  LAXRD  of  the  pure  ^2^5  also  shown  in  the  figure.  Tlie  as-prepared  ^2^5 

MCM  products  are  amorphous  mesostructure  which  is  confirmed  by  a  broad  fundamental  reflection  at 

about  2.5  -  3.0  degree^^’^^.  The  amorphous  structure  in  this  case  means  that  the  material  has  a 
mesoporous  structmre  but  the  pores  are  not  regularly  arranged,  not  forming  crystalline  symmetry  of  the 
mesoporous  chammels.  Supposedly,  the  V2O3  primarily  building  unit  of  Keggin  salts  is  a  crystal 
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Pc-doped  V2O5  MCM  synthesis 
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18  g 
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Pc-doped  MCM 


Characterization 


Characterization 


Fig.  4  Various  synthetic  procedure  pathways  for  Pc-doped  MCM 


structure  so  that  it  is  not  possible  to  form  directly  hexagonal  or  cubic  phase  which  have  curved  interior 
surfaces  of  the  mesochannel  walls,  although,  in  the  Si02  case,  easy  by  the  flexibility  of  the  random 

amorphous  network  of  the  silica.  Supposedly,  because  of  the  insersion  of  Pc  modify  the  channel 
structure  and  the  metal  oxides  unit  can  be  arranged  to  have  proper  position  to  form  a  crystalline 
mesophase.  Phase  stability  changed  by  the  Pc-insersion.  In  ^2^5  ^  Pc-doping  ratio  increases, 

the  phase  becomes  unstable,  especially,  at  the  Pc/Cj^^TMA  ratio  of  around  1/20  where  the  initial 

amorphous  structure  changes  and  the  pattern  shifts  by  minor  experimental  conditions.  And  further 
increase  of  the  Pc-doping  makes  a  MCM  structure  stable  and  a  crystalline  mesophase  appeared  that  is 
different  from  the  initial  amorphous  phase.  In  other  words,  the  insertion  of  Pc  molecules  in  the 
mesochannel  stabilizes  a  crystalline  phase  possibly  because  of  the  modification  of  the  channel  wall 
shape.  It  is  also  observed  that  the  peak  position  of  the  fundamental  reflection  of  the  mesophase  shifts 
toward  low  angle  with  the  Pc  doping,  i.e.,  the  d-spacing  of  the  V2O2  MCM  becomes  larger  slightly  by 

the  expansion  of  the  mesochannel.  The  d-spacing  is  30.55A  at  Pc/C16TMA  ratio  of  1/5,  shifts  to 
31.87A  at  the  ratio  of  1/2.5.  Although  there  is  a  small  expansion  from  the  pure  V20^  MCM  to  Pc- 

doped  MCM,  the  main  peak  position  does  not  change  significantly,  which  indicates  that  the  Pc  molecules 
are  doped,  perhaps,  in  between  the  surfactants  hydrophobic  tails  of  the  lipid  micelle,  not  in  the  center 

position  of  the  micelle  as  in  the  expander  molecules  of  trimethylbenzene  (TMB)  .  Pc  molecules  inserted 
between  the  surfactant  expand  slightly  the  channel  size,  at  the  same  time,  stabilize  the  vanadium  oxides 
framework.  Figure  5  (b)  shows  an  optical  absorption  data  for  Pc-doped  V2O2  MCM  and  the  absorption 

from  the  doped  Pc  was  clearly  seen.  The  powder  is  green  and  as  the  doping  ratio  increases,  the 
absorption  intensity  increases  with  the  doping.  The  absorption  at  short  wavelength  region  is  coming 
from  the  '^2^5  &3™6work.  We  have  investigated  structures  of  Pc-doped  M0O3-MCM.  The  doped 

MoOg  mesoporous  stmcture  was  made  in  a  similar  way  as  a  V2O2-MCM.  Figure  6  (a)  shows  a  low 

angle  XRD  scan  of  Pc-doped  MoO^  -MCM  with  a  variation  of  the  Pc-doping  molar  ratio  (Pc/C^gTMA) 

from  0.0  (pure  MoO^  MCM)  to  1/2.5.  In  this  materials,  the  mesostracture  was  amorphous,  lacking  in 

crystalline  symmetry  of  the  channels'  array,  throughout  the  whole  Pc-doping  ratio  with  a  broad 
scattering  between  2  and  9  degree,  which  is  quite  different  from  the  V2O2-MCM.  In  this  case,  the 

incorporated  Pc  molecules  does  not  act  as  stabilizer  molecules  for  the  crystalline  hexagonal  phase.  In 
the  amorphous  phase,  the  average  pore  spacing  derived  by  LAXRD  was  not  changed  so  much  by  Pc- 
doping  and  ,at  the  same  time,  the  randomness  structure  was  not  changed.  The  difference  is  presumably 
comes  from  a  shape  difference  of  the  primarily  oxides  building  units.  Figure  6  (b)  shows  absorption 
spectra  of  the  doped  M0O3-MCM  and  the  absorption  of  Pc  was  observed  through  a  transparent  M0O3 

framework  from  500nm  to  900nm  wavelength  region.  As  the  doping  ratio  increases,  the  absorption 
intensity  increases  without  a  shift  of  the  spectra's  shape.  Additionally,  Pc-doped  Si02-MCM  was 

successfully  synthesized  and  the  hexagonal  mesophase  was  retained  for  high  Pc  doping  condition  and 
optical  absorption  spectra  of  the  doped  phase  was  similar  to  those  of  other  oxides.  The  results  of 
LAXRD  and  optical  absorption  of  Pc(blue,  Cu)-doped  Si02  MCM  were  shown  in  figure  7  (a)  and  (b). 
The  differences  from  ^2^5  MoOg  MCM  were  clear  and  we  are  continuously  investigating  the 

mechanism  of  formation  in  the  doped  mesostructure  materials. 
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CONCLUSIONS 


We  have  successfully  synthesized  Pc-doped  metal  oxides  mesoporous  materials  in  a  ^2^5’ 

WO^  and  Si02  framework  materials  as  well  as  a  direct  synthesis  of  dye-doped  MCM  through  a  co¬ 
assembly  of  ferrocenyl  TMA  surfactants  .  There  is  a  different  role  of  the  doping  Pc  to  the  host 
mesophase;  in  V2O2  case,  Pc  plays  a  stabilizing  agent  for  crystalline  meSoporous  phase,  i.e., 

amorphous  phase  of  the  pure  ^2^5  MCM  transforms  to  crystalline  phase  with  the  doping,  although,  in 
the  MoO^-MCM  case,  the  amorphous  phase  remains  by  the  doping.  However,  Pc-doped  Si02-MCM 
was  successfully  made  to  be  a  hexagonal  phase. 
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ABSTRACT 

A  common  method  of  reducing  vibration  levels  in  structures  is  to  coat  the  surfaces  of  the  structure  with  a  layer  of 
viscoelastic  material  which  dissipates  the  elastic  strain  energy  induced  by  the  dynamic  loading.  The  passive  damping 
material  is  placed  in  areas  of  high  strain  energy  to  extract  as  much  energy  as  possible  from  the  structure,  but  the 
exact  location  of  the  material  can  tend  to  be  arbitrary.  A  more  systematic  approach  is  demonstrated  which  uses  an 
evolutionary  method  which  allows  viscoelastic  surface  coatings  to  be  gradually  built  up  until  the  required  damping 
is  achieved.  In  this  way  the  material  can  be  placed  in  a  more  efficient  manner,  and  it  is  proposed  that  this  leads  to 
a  better  damping  performance. 

Keywords:  shape  optimisation,  topology  optimisation,  viscoelastic,  passive  damping,  biomimetics,  cellular  au¬ 
tomata. 


1  INTRODUCTION 

The  optimisation  of  structural  geometries  and  materials  is  an  active  area  of  engineering  research.  While  optimisa¬ 
tion  for  statically  loaded  structures  has  enjoyed  much  attention,  the  optimisation  of  dynamically  loaded  structures  is 
a  less  well-developed  field,  in  part  due  to  the  many  possible  approaches.  Some  attempts  at  geometry  optimisation  for 
dynamically  loaded  structures  are  reported  by  Xie  and  Steven®’®.  Lumsdaine  and  Scott®  studied  the  optimisation  of 
viscoelastic  damping  layers  and  give  a  brief  review  of  damping  layer  optimisation  in  general.  Gordon  and  Hollkamp® 
investigated  the  optimisation  of  damping  characteristics  through  the  use  of  viscoelastic  damping  in  cavities  in  a  blade 
structure. 

A  novel  approach  to  the  problem  of  optimisation  is  to  consider  the  structure  to  be  a  ‘biological  system’  which 
responds  to  the  undesirable  symptoms  of  loading,  such  as  large  strain  energies,  by  ‘growing’  some  additional  structure 
or  changing  the  mechanical  properties  of  the  existing  structure  in  order  to  reduce  the  effects  of  the  loading.  The 
benefits  of  adding  extra  material  are  often  balanced  against  the  resulting  additional  mass. 

This  paper  reports  an  investigation  into  the  application  of  the  ‘biological’  or  evolutionary  approach  to  dynamics 
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problems.  The  specific  optimisation  technique  is  the  addition  of  free-layer  viscoelastic  damping  and  extends  work 
carried  out  in  a  previous  paper  by  the  same  authors.’^  The  vibration  of  a  cantilever  beam,  modelled  using  a  finite 
element  package,  was  reduced  by  the  addition  of  a  viscoelastic  covering  of  the  free-layer  type.  The  layer  was  evolved 
on  the  surface  of  the  beam  through  a  cellular  automata  ‘growing’  algorithm  which  used  the  state  of  the  surface  strain 
energy  field  and  the  presence  of  existing  viscoelastic  to  produce  new  viscoelastic  material. 

2  VISCOELASTIC  DAMPING 


2.1  Review  of  viscoelastic  material  behaviour 

We  will  briefiy  review  the  assumptions  made  in  the  use  of  modelling  of  viscoelastic  materials.  A  comprehensive 
introduction  to  the  theory  of  viscoelastic  materials  can  be  found  in  Tschoegl’s  book.®  Viscoelastic  materials  exhibit 
behaviour  which  is  partly  elastic  and  partly  fiuid  or  viscous,  making  them  suitable  materials  for  the  dissipation  of 
mechanical  energy.  We  assume  an  element  of  viscoelastic  material  to  be  linearly  elastic  and  subject  to  a  harmonic 
excitation.  Then  the  stress  and  strain  in  the  material  for  unidirectional  loading  is  given  by 

<Tij  =  dySin(V’)  ;  =  1,2,3  (1) 

dj  =  iij  sin{ip  -(j>);  i,j  =  1, 2, 3  (2) 

where  the  strain  lags  the  stress  by  some  angle  cj),  i  is  the  maximum  strain  and  a  is  the  maximum  stress.  The 
quantities  Uy  and  Sij  are  the  stress  and  strain  tensors  indexed  in  the  usual  way  by  the  suffices  i  and  j.  The  complex 
elastic  modulus,  E*,  is  defined  as 


E*  =  — z=  ^  cos<j>  +  sincp  ;  i  =  1,2,3  (3) 

Sii  €ii  €ii 

=  F+iB"  (4) 

E'  is  the  storage  or  elastic  modulus,  E”  is  the  imaginary  or  loss  modulus,  and  the  ratio  77  =  ^  =  taxKp  is  called 
the  loss  factor  (the  difference  between  the  use  of  i  as  an  index  and  the  use  of  i  to  represent  is  evident).  In  a 
similar  way,  the  complex  shear  modulus  is  defined  as  G*  =  G'  +iG" .  Both  moduli  are  assumed  to  be  homogeneous 
and  isotropic. 


The  energy  dissipated  per  volume  of  viscoelastic  over  a  cycle  due  to  the  internal  damping  force,  Fd{x),  is  given 


by 


which  reduces  to 


Wd 


=  ^  Fd{x) 


dx 


ws 


(5) 

(6) 


»'d  =  ^  (7iid€ii=Tr E'j]i%-,  i  =  1,2,3 
Similarly,  the  energy  dissipated  per  unit  volume  per  cycle  for  a  cyclic  shear  loading  can  be  shown  to  be 

Wb’  =  nG'riil ;  i  =  1,2,3  ;  j  =  1,2,3  ;  i  ^  (7) 


The  magnitude  of  the  dissipated  energy  can  be  seen  to  be  proportional  to  the  maximum  strain  energy  density  in  the 
material,  giving  the  following  relationships; 


=  2-irrjU^^-  i  =  1,2,3 

(8) 

Uii 

=  Ie'sI 

2  ” 

(9) 

=  27r77C7b;  i  =  i^2,3;y  =  1,2,3; 

(10) 

Uij 

1  rii  .?2 

-  2  ^ 

(11) 
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2.2  Optimal  placement  of  viscoelcistic  material  for  damping 


In  the  previous  section  we  saw  how  the  energy  dissipated  in  a  viscoelastic  is  proportional  to  the  square  of  the  peak 
strain  experienced  by  the  viscoelastic  under  cyclic  loading.  In  considering  the  optimum  layout  problem  for  free-layer 
damping  we  require  a  measure  or  indicator  of  the  best  sites  for  damping  location.  To  construct  this  measure  we 
must  make  some  assumptions  about  the  behaviour  of  the  viscoelastic  material  in  the  free-layer  treatment.  If  we 
examine  an  elemental  piece  of  the  free-layer,  it  can  be  seen  to  be  forced  on  one  face,  is  free  on  the  opposite  face  and  is 
partially  constrained  on  the  other  four  faces.  If  we  assume  that  the  sides  of  the  element  perpendicular  to  the  forced 
surface  remain  perpendicular,  then  the  element  is  subjected  to  two-dimensional  extensional  and  shear  strain  only. 
This  strain  is  produced  by  the  deformation  of  the  base  structure  under  load,  and  shear  introduced  by  bending  is  not 
considered.  The  viscoelastic  is  thus  subject  solely  to  direct  strains  eu  and  £22,  and  the  shear  strain  £12-  We  also 
assume  that  the  viscoelastic  has  negligible  effect  on  the  base  structure,  i.e.  the  strain  on  the  base  structure  drives 
the  strain  in  the  viscoelastic.  Hence,  the  peak  strain  energy  density  in  the  viscoelastic  element  under  cyclic  loading 
will  be  ^ 

U  =  \{E'il,  +  E'il^  +  G'il^)  (12) 

A  well-known  relationship  between  the  elastic  modulus,  E,  the  bulk  modulus,  B,  and  the  shear  modulus,  G,  is 


W  +  G 


(13) 


Elastomers  are  considered  to  be  practically  incompressible,  a  condition  of  the  material  which  dictates  B  G  (and 
also  that  Poisson’s  ratio,  v  =  0.5),  which  reduces  the  relationship  between  the  elastic  modulus  and  the  shear  modulus 

to  ,  , 

E  =  3G  (14) 

and  hence  we  can  write  the  total  strain  energy  density  as 

U  —  -E'  +  £22  +  2  ^12^ 


U  =  ^E'£-,S=(^il,+  £l2  +  I  (16) 

The  energy  dissipated  in  the  viscoelastic  is  related  to  U  by  the  expression  Wd  =  2TrT]U.  Wd  is  thus  proportional  to 
£,  and  we  can  use  the  quantity  S,  which  is  a  straightforward  function  of  strain,  as  an  indicator  of  the  most  suitable 
location  for  the  viscoelastic  damping  material. 


3  CANTILEVER  BEAM  MODEL 


3.1  The  model  beeim 

A  model  cantilever  beam  (Figure  1)  was  available  for  the  application  of  viscoelastic  free-layer  treatment.  The 
cantilever  was  635mm  long,  127mm  wide  and  6.3mm  thick,  and  was  made  of  mild  steel,  exact  composition  unknown. 
For  simulation  purposes  the  mechanical  material  properties  were  taken  to  be;  elastic  modulus  E  —  209  x  10®  N/m®, 
Poisson’s  ration  v  =  0.3,  mass  density  p  =  7850  kg/m^.  The  evolution  of  the  viscoelastic  layer  was  based  around  a 
real  model  beam  to  allow  for  future  experimental  verification  of  results. 


3.2  Finite  element  model 

The  addition  of  viscoelastic  damping  material  to  the  beam  using  the  evolutionary  approach  naturally  had  to  be 
performed  by  simulation.  The  cantilever  was  modelled  with  finite  elements.  The  finite  element  solver  ABAQUS 
was  used  to  perform  the  analyses.  Two  constraints  on  the  mesh  were  necessary;  the  mesh  on  the  top  surface  of  the 
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0.635m 


‘Beam  tip’ 
measurement  point 


0.127m 


Frequencies  (Hz) 

Mode  no. 

Mode  type 

Analytical 

FE  model 

Actual 

Error 

1 

Bending  (z) 

13.0 

13.2 

12.5 

5.6% 

2 

Bending  (z) 

81.6 

82.6 

81.6 

1.2% 

3 

Torsion 

124.7 

130 

135.6 

4.1% 

4 

Bending  (z) 

228.5 

232 

230.6 

0.6% 

5 

Bending  (y) 

262.5 

255 

— 

— 

6 

Torsion 

374.1 

397 

408.1 

2.7% 

7 

Bending  (z) 

447.8 

455 

446.9 

1.8% 

8 

Torsion 

623.4 

686 

703.8 

2.5% 

9 

Bending  (z) 

740.3 

754 

735.6 

2.5% 

Table  1:  Comparison  of  actual  and  calculated  natural  frequencies  (all  values  in  Hz) 


cantilever  had  to  be  sufficiently  dense  to  allow  sensible  ‘growth’  of  the  viscoelastic  layer,  and  a  relatively  accurate 
measure  of  strain  was  required  on  this  top  surface.  A  mesh  of  40  x  8  elements  was  adjudged  to  be  sufficiently  dense 
for  the  top  surface,  and  produced  square  elements.  The  thickness  of  the  beam  was  made  up  of  two  layers;  a  thick 
‘base’  structure  5.7mm  thick,  and  a  thin  top  surface  having  a  thickness  of  0.6mm.  This  allowed  the  surface  strains 
to  be  approximated  by  the  thin  surface  element  centroidal  strains.  This  wais  additionally  useful  in  that  the  element 
centroids  were  also  the  desired  locations  for  the  viscoelastic  growth  stimulus.  Extrapolated  nodal  strains  were  found 
to  be  a)  not  appropriate  locations  for  the  growth  stimulus,  and  b)  not  sufficiently  accurate  (particularly  in  direction) 
in  regions  of  high  strain  and  at  the  edges  of  the  mesh. 

A  verification  test  was  performed  to  identify  the  natural  frequencies  of  the  beam  and  compare  them  with  the  FE 
model  and  analytical  formulations  (see  for  example  Blevins^)  for  the  natural  frequencies  —  the  results  of  this  test 
are  shown  in  Table  1.  Considering  that  the  material  properties  were  estimated  for  the  model,  this  can  be  considered 
to  be  an  adequate  representation  of  the  real  cantilever. 

4  EVOLUTION  OF  STRUCTURAL  DAMPING 


4.1  General  Method 

A  viscoelastic  damping  covering  of  the  free-layer  type  was  to  be  evolved  on  the  top  surface  of  the  cantilever  plate. 
The  surface  was  divided  into  a  40  x  8  cell  lattice,  which  corresponded  to  the  finite  element  mesh  division  on  the  top 
surface.  The  evolution  of  the  viscoelastic  was  performed  using  a  cellular  automaton  rule  on  the  surface  lattice  —  in 
fact  two  coincident  lattices,  one  containing  the  surface  strain  energy  values,  the  other  a  lattice  of  binary  values  with  a 
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Figure  2:  The  Moore  neighbourhood 


T’  indicating  the  presence  of  viscoelastic.  The  automaton  used  a  Moore  neighbourhood  (an  area  three  cells  by  three 
cells  on  the  lattice;  see  Figure  2).  The  neighbourhood  of  a  given  cell  x*  is  the  set  of  all  cells  in  the  neighbourhood 
with  respect  to  that  cell  x‘  at  iteration  number  t,  denoted  by  X‘(x).  Thus  in  Figure  2,  the  centre  shaded  cell  is  the 
cell  X*  and  the  set  of  all  the  shaded  cells  is  the  set  X‘(x).  The  measure  |X|  is  the  number  of  cells  in  X;  in  the  case 
of  the  Moore  neighbourhood  this  is  9.  The  cellular  automaton  rule  for  the  evolution  of  the  viscoelastic  is  given  in 
Equation  20;  this,  and  the  accompanying  definitions  are  presented  in  compact  form  mostly  for  completeness,  and  the 
rule  is  explained  more  clearly  in  the  following  text. 


I 

=  m} 

(17) 

X\x) 

tl 

(18) 

X\£) 

(19) 

x‘+i 

=  (x‘  =  max  ({-iX‘(x)i  A  X*{S)i  \  i  €  /})) 

(20) 

The  rule  described  in  Equation  20  is  interpreted  as  follows.  A  viscoelastic  element  is  ‘grown’  at  a  particular  location 
or  cell,  X,  on  the  surface  if  the  strain  energy  measure,  6,  for  that  cell  is  larger  at  this  location  than  at  any  of  the 
neighbouring  locations  specified  by  the  neighbourhood  of  cells,  X  (Figure  2,  with  the  cell  in  question  the  centre  cell 
of  the  9).  It  is  assumed  that  the  boundaries  of  the  plate  meet  the  condition  f  =  0,  so  cells  on  the  edges  of  the  top 
surface  always  have  a  higher  strain  energy  measure  than  the  boundary.  Neighbouring  locations  which  have  already 
‘grown’  viscoelastic  are  assumed  to  have  a  5  of  zero  (it  can  be  imagined  that  they  cease  to  register  a  strain  signal 
once  viscoelastic  has  been  deposited).  Hence,  initial  ‘nucleation  sites  with  the  largest  local  S  start  off  the  growth 
of  viscoelastic,  which  then  ‘grows  out’  from  these  points  to  cover  more  of  the  plate.  As  a  result,  the  viscoelastic  is 
placed  in  areas  of  high  strain  energy  first  where  it  should  dissipate  more  energy,  only  later  in  the  evolution  ‘growing’ 
where  it  is  less  likely  to  have  significant  effect. 


4.2  Free-Layer  Treatment 

Free-layer  damping  was  added  to  the  cantilever  using  the  cellular  automaton  described  in  the  previous  section. 
The  viscoelastic  was  taken  to  be  5mm  thick  Viton  E40/1839  fluorocarbon  elastomer  at  20‘’C  (see  the  master  curve. 
Figure  3),  and  was  added  as  single  5mm  thick  elements  onto  the  surface  mesh  (8x40  elements  as  stated  above).  The 
damping  of  the  cantilever  beam  was  modelled  by  assuming  it  to  be  made  of  a  viscoelastic  with  £'  =  209  x  10®  N/m® 
and  r]  =  0.01. 

A  dynamic  analysis  of  the  cantilever  beam  was  simulated  using  the  finite  element  program  ABAQUS.  The  beam 
was  excited  at  a  point  92.25mm  along  and  15.875mm  from  the  edge  of  the  beam  (the  cross  point  indicated  in  Figure 
1  corresponding  to  a  mesh  node  between  the  6th  and  7th  elements  along  and  the  1st  and  2nd  elements  across  the 
beam)  by  a  ION  sinusoidal  force  perpendicular  to  the  top  surface  of  the  beam;  the  force  was  deliberately  offset 
from  the  longitudinal  centre-line  of  the  cantilever  so  that  the  torsional  modes  would  be  excited.  In  many  practical 
applications,  the  forcing  function  does  not  act  on  individual  modes  but  has  some  power  spectrum  over  a  moderately 
well-defined  frequency  range.  A  previous  study^  has  looked  at  the  effect  of  evolving  viscoelastic  on  a  structure  excited 
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Figure  3:  Master  curve  for  Viton  E40/1839 


Figure  4:  4th,  6th  and  7th  modes  of  the  cantilever 


Figure  5:  The  evolutionary  process 


at  a  single  resonant  frequency;  for  the  present  study  it  was  decided  to  excite  a  range  of  modes  and  to  attempt  to 
reduce  the  overall  vibration  in  the  given  bandwidth.  The  exciting  force  was  chosen  as  constant  over  a  bandwidth 
of  200-500Hz,  exciting  the  4th,  6th  and  7th  modes  of  the  cantilever  (the  5th  mode  is  a  lateral  vibration  about  an 
axis  perpendicular  to  the  large  top  surface  of  the  beam,  and  is  not  excited  by  this  force).  See  Figure  4.  The  beam 
was  excited  at  120  equally-spaced  frequencies  in  this  bandwidth  using  a  direct  integration  forced-response  method, 
and  the  strains  and  nodal  displacements  in  the  model  recorded.  The  measure  S  used  in  the  cellular  automata  was 
calculated  as  the  sum  of  S  over  the  excited  frequencies. 

The  completion  of  the  analysis  for  all  120  frequencies  marked  the  end  of  an  iteration  and  the  calculation  of  the 
position  of  new  viscoelastic  material.  The  procedure  was  repeated  for  a  total  of  30  iterations,  after  which  time  the 
beam  was  almost  totally  covered  with  free-layer  damping  —  see  Figure  5  for  a  representation  of  the  process  as  a  flow 
chart. 

The  coverage  of  the  viscoelastic  damping  layer  was  recorded  at  each  step,  along  with  the  nodal  displacements. 
The  modal  damping  was  calculated  from  the  frequency  response  functions  (FRFs)  at  both  the  forcing  node  and  the 
tip  of  the  beam  furthest  away  from  the  forcing  point  on  the  top  surface  of  the  beam  at  each  iteration  point.  In 
the  absence  of  phase  information  the  modal  damping  was  estimated  by  fitting  a  rational  polynomial  to  each  mode, 
calculating  the  peak  response,  and  calculating  the  half-power  bandwidth  from  the  half-power  points  of  the  fitted 
response  curve.  The  presence  of  phase  information  would  have  allowed  a  hnear  model  fit  and  direct  extraction  of 
the  half-power  bandwidths.  The  evolution  of  the  modal  damping  in  the  model  due  to  the  progressive  addition  of 
free-layer  damping  is  shown  in  Figure  6,  where  the  cross  symbols  represent  the  loss  factor  estimated  from  the  response 
at  the  excitation  point,  while  the  asterisks  represent  the  loss  factor  estimated  from  the  tip  of  the  beam  furthest  from 
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Mode  4 

Mode  6 

Mode  7 

tip 

load 

tip 

load 

tip 

load 

rj  —  No  coverage 

0.0110 

0.0105 

0.0106 

0.0102 

0.0105 

0.0105 

T]  —  Total  coverage 

0.0161 

0.0160 

0.0163 

0.0165 

0.0185 

0.0179 

Table  2;  Loss  factors  per  mode  for  no  and  total  viscoelastic  coverage 


the  excitation  point. 

Due  to  the  time  limitations  in  conducting  the  simulation,  the  evolution  v^as  not  carried  out  until  the  entire 
top  surface  of  the  beam  was  covered  with  viscoelastic,  but  was  terminated  after  30  iterations.  The  final  modal 
damping  values  were,  however,  calculated  extra  to  the  evolution.  These  values  axe  shown  in  Table  2. -  Figure  7  shows 
qualitatively  the  reduction  in  the  response  due  to  total  coverage  of  the  beam.  Figures  8  to  14  show,  at  selected 
iteration  points,  how  the  viscoelastic  ‘grows’  across  the  surface  of  the  cantilever  as  the  evolution  progresses. 

Some  comment  on  these  results  is  required.  It  may  be  noticed  that  some  data  appears  to  be  missing  from  the 
plots  in  Figure  6;  this  is  the  result  of  occasional  errors  in  the  curve-fitting  exercise  which  produced  erroneous  loss 
factor  estimates,  leading  to  the  discarding  of  the  data  at  those  points.  This  in  no  way  detracts  from  the  overall 
demonstration  of  the  results. 

It  can  be  seen  that  the  evolutionary  method  reduces  the  vibration  of  the  beam  at  all  three  modes  simultaneously 
in  the  excitation  region;  the  total  vibration  of  the  beam  is  reduced  uniformly  by  the  evolution.  It  is  not  clear  whether 
the  fluctuations  in  loss  factor  at  mode  4  are  real  or  an  artifact  of  the  loss  factor  estimation,  and  further  investigation 
needs  to  be  done.  What  is  not  clear  from  Figure  6  is  whether  the  curves  do  in  fact  represent  a  upper  limit  of  loss 
factor  for  a  given  mass  of  viscoelastic.  It  may  be  imagined  that  they  do,  given  that  the  evolutionary  method  attempts 
to  place  the  material  in  the  most  useful  position  on  the  beam,  but  some  tests  with  arbitrarily  placed  material  need 
to  be  conducted  to  verify  this. 

For  reasons  of  space,  only  a  selected  few  steps  in  the  iteration  are  shown  in  Figures  8  to  14,  but  the  spread  of 
the  viscoelastic  can  be  readily  seen.  It  is  interesting  to  note  the  patches  left  uncovered  as  the  evolution  proceeds, 
which  seem  to  correspond  to  areas  of  high  curvature  (and  hence  high  surface  strain  energy)  in  mode  7  (Figure  4)  — 
however,  the  magnitude  of  the  mode  7  resonance  is  less  than  that  of  the  other  modes,  and  hence  does  not  contribute 
as  much  to  the  overall  strain  energy  in  the  excited  frequency  range. 


5  CONCLUSIONS 

In  this  speculative  study  it  has  been  shown  that  a  method  of  locating  viscoelastic  damping  layers  based  on  the 
idea  of  a  biological  ‘stimulus-growth’  model  can  produce  free-layer  layouts  which  qualitatively  appear  to  represent 
‘good’  use  of  the  material,  i.e.  high  energy  dissipation  for  a  given  mass  of  viscoelastic.  However,  a  number  of 
questions  remain. 


In  determining  the  growth  measure  £,  strciin  energy  introduced  by  the  bending  of  the  elements  was  not  considered. 
Further  study  should  be  undertaken  to  see  whether  this  is  significant  or  not. 

The  increase  in  loss  factor  over  the  iteration  is  relatively  slight,  although  still  significant.  It  is  believed  that 
the  low  increase  in  loss  factor  is  due  to  the  inherently  low  effectiveness  of  free-layer  techniques  when  compared  to 
constrained-layer  or  active  methods.  Free-layer  techniques  were  used  in  this  study  to  simplify  some  of  the  analysis, 
but  further  work  may  require  consideration  of  constrained-layer  methods.  No  attempt  was  made  to  optimise  the 
thickness  of  the  layer,  a  parameter  which  is  known  to  have  significant  effects  on  the  damping  performance^’'*’®.  Also, 
no  attempt  was  made  to  optimise  the  material,  although  the  viscoelastic  selected  was  found  to  be  operating  in  the 
optimum  range  for  energy  dissipation.  Finally,  the  inherent  damping  in  the  cantilever  may  have  been  over-estimated. 
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Stmctural  Loss  Factor 


Mode  4 


leading  to  a  lower  increase  in  loss  factor  than  might  have  been  anticipated.  This  could  be  corrected  by  performing 
some  experiments  with  the  real  model. 

Following  the  biological  analogy,  a  further  development  would  be  to  set  an  acceptable  vibration  level  (e.g.  modal 
loss  factor)  and  allow  removal  of  material  as  well  as  growth.  In  this  way  a  ‘set  point’  or  normal  level  could  be  decided 
and  the  viscoelastic  adapted  to  satisfy  this  point  and  no  more.  It  would  be  possible  to  ‘help’  the  process  by  starting 
with  an  initial  estimate  of  the  optimum  layout  and  then  allowing  the  cellular  algorithm  to  ‘grow’  the  material  to 
the  best  configuration.  This  was  not  a  worthwhile  exercise  within  the  current  study,  given  the  low  increase  in  loss 
factor,  but  would  be  useful  for  a  system  where  large  decreases  in  vibration  amplitudes  are  possible  but  at  a  cost  of 
monetary  expense  and  mass  of  material. 

As  mentioned  in  the  previous  section,  it  will  be  necessary  to  compare  the  damping  layouts  produced  by  the  evolu¬ 
tionary  method  with  layouts  produced  by  other  means,  such  as  randomly,  per  mode  or  perhaps  by  expert  estimation 
based  on  the  knowledge  of  the  mode  shapes.  It  may  then  be  possible  to  test  the  various  layouts  ex;perimentally  to 
determine  which  provides  the  best  loss  factor  for  a  given  viscoelastic  mass. 
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Abstract 

QuantiJfying  changes  in  the  tension  of  an  anterior  cruciate  ligament  (ACL)  graft  in  vivo  during  rehabilitative  exerci^s 
is  vital  for  developing  the  optimal  rehabilitation  for  patients  who  have  had  reconstructive  surgery.  The  purpose  of  this 
project  was  to  design,  build,  and  test  a  telemetry  system  that  can  measure  the  in  vivo  ACL  graft  tension  postoperatively. 

A  commercially  available  fixation  device  was  modified  to  sense  the  graft  tension,  house  electromc  components, 
transmit  an  output  signal,  and  pass  the  power  generating  signal.  A  transcutaneous  inductive  link  was  used  to  ^wer  the 
implanted  telemetry  electronics.  The  cunent  difference  technique  (Bergmann  et  al,  1988)  was  used  to  measur^hanges  m 
two  strain  gages  that  monitored  shear  strain  developed  on  the  femoral  fixation  device  by  the  ACL  This  currmt 
regulated  a  frequency  modulated  output  signal  and  transmitted  it,  by  using  the  ionic  properties  of  body  tissue  as  the 
medium,  to  external  EMG  surface  electrodes.  A  signal  conditioning  board  detected  and  converted  the  ou^ut  to  an  analog 
voltage  for  collection  by  a  computer  data  acquisition  system.  A  performance  evaluation  demonstrated  that  the  telemetiy 
system  either  met  or  exceeded  all  of  the  criteria  necessary  for  the  application. 

Keywords:  Implantable,  telemetry,  anterior  cruciate  ligament,  graft,  tension,  transducer 


Introduction 

Rehabilitation  is  important  to  the  success  of  an  anterior  cruciate  Ugament  (ACL)  reconstruction.  The  goal  of 
rehabilitation  is  to  restore  full  functionality  to  the  reconstructed  knee  as  quickly  as  possible  without  either  sfretchmg  the 
graft  or  losing  fixation  both  of  which  can  cause  recurrent  instability.  In  recent  years,  an  aggressive  rehabiUtafion  approach 
mphasizing  early  motion  and  weight  bearing  has  been  pursued  to  avoid  the  complications  stemming  from  a  more 
conservative  approach  which  immobilizes  the  knee  and  avoids  weight  bearing  (Shelboume  and  Nitz,  1990,  Pomphrey, 
1992)  However  a  potential  complication  of  aggressive  rehabilitation  is  that  the  graft  may  be  exposed  to  excessive  tensiom 
Excessive  tension  could  cause  failure  of  either  the  graft  or  the  initial  fixation  and  compromise  the  remodeling  and 
maturation  process  (Markolf  et  al.,  1994).  ConsequenUy,  to  avoid  this  compUcation,  the  graft  tension  must  be  detenmned 
for  various  rehabilitation  activities. 

Although  there  are  several  approaches  for  determining  graft  tension  such  as  mathematical  models  (e.g.,  Harrington 
1976)  and  in  vitro  measuiements  (e.g.,  Markolf  et  al.,  1993),  in  vivo  measurement  offers  the  a^antege  of  ^ 

modifying  the  rehabilitation  program  if  necessary.  In  vivo  tension  measurements  have  been  obtained  usmg  Ae  goat  model 
fHoldens  et  al  1994-  Lewis  et  al.,  1994).  However,  the  results  of  the  goat  study  are  useful  only  in  ^e  desi^  and 
Serpretation  of  other  animal  studies  and  can  not  be  extrapolated  to  humans  (Holden  et  al.,  1994)  1“  ^dies 

sutures  attached  to  an  ACL  graft  were  secured  to  load  ceUs  mounted  externally  on  the  tibia  (Shmo  et  al., 
al  1996)  Data  could  be  collected  only  in  the  operating  room  and  during  simple  knee  extension 
(Shino  et  al  1994)  Such  exercises  do  not  encompass  the  full  spectrum  of  activities  m  an  aggressive  rehabihtation  program. 
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Because  of  the  limitations  inherent  in  the  previous  studies  which  have  measured  ACL  graft  tension  in  vivo,  there  is  a 
need  for  instrumentation  that  can  be  implanted  into  ACL  reconstructive  patients  so  that  the  graft  tensions  can  be  measured 
during  the  rehabilitation  process.  The  purpose  of  this  project  was  to  design,  build,  and  test  a  prototype  telemetry  system  that 
can  directly  measure  the  in  vivo  ACL  graft  tension  for  several  weeks  postoperatively.  The  remainder  of  this  paper  describes 
the  design  of  the  telemetry  system,  presents  an  evaluation  of  performance,  and  discusses  how  well  the  design  meets  the 
established  criteria. 

Design  Description 

Several  criteria  were  established  for  developing  the  instrumentation  to  measure  the  ACL  graft  forces  in  vivo. 

1.  The  device  must  be  entirely  integrated  within  a  present  fixation  device  and  fit  into  its  geometric  constraints  so  that 
modification  of  the  surgical  procedure  is  not  needed. 

2.  Since  the  device  requires  a  power  source  and  will  be  implantable,  the  device  must  be  inherently  safe  to  protect  the 
patient  from  any  possible  harmful  side  effects. 

3.  The  device  must  minimize  power  drain. 

4.  The  device  must  be  capable  of  operating  up  to  12  weeks,  the  maximum  expected  time  for  the  graft  to  become  fixed 
biologically  so  that  the  device  no  longer  senses  load. 

5.  The  device  must  have  a  resolution  of  at  least  1  %  of  full  scale  output  and  a  non-linearity  of  less  than  1  %.  The 
output  signal  rise  time  must  be  less  than  10  ms,  so  that  relatively  fast  changes  in  the  ACL  graft  tension  can  be 
monitored. 

6.  The  device  must  incorporate  diagnostic  capabilities  so  that  the  functionality  of  the  device  while  implanted  can  be 
determined. 


To  meet  the  criteria  outlined  above,  the  system  diagrammed  in  Figure  1  was  designed  and  constructed.  The  ACL 
telemetry  system  incorporates  a  power  transmission  system,  a  telemetry  device,  and  a  data  acquisition  system.  Power  is 
inductively  coupled  into  the  telemetry  implant  by  external  and  internal  coDs.  The  ACL  graft  tension  is  monitored  by  the 
telemefty  fixation  device  and  a  data  signal  is  transmitted  via  the  body's  ionic  fluids  and  detected  by  surface  electrodes.  This 
signal  is  amplified,  converted  to  an  analog  voltage  signal,  and  captured  by  the  computer  data  acquisition  system  for  analysis 
and  storage.  The  following  paragraphs  describe  in  detail  the  modifications  to  the  present  fixation  device,  the  implantable 
telemetry  electronics,  the  power  transmission  system,  and  the  data  acquisition  system. 

Fixation  Screw  Design 

The  commercially  available  bone  mulch  screw  fixation  device  (Arthrotek,  Ontario,  CA)  was  modified  for  sensing  graft 
tension,  housing  electronic  components,  transmitting  an  output  signal,  and  receiving  the  inductive  power  generating  signal 
(Figure  2).  To  appreciate  the  modifications,  an  understanding  of  how  the  device  is  used  for  ACL  graft  fixation  is  useful.  A 
tibial  tunnel,  through  which  the  graft  bundles  pass,  is  drilled  from  the  anterior-medial  side  of  the  tibia  up  through  the  tibial 
plateau  (Figure  3).  Another  tunnel  is  drilled  into  the  femur  by  inserting  a  drill  through  the  tibial  turmel.  The  fixation  device 
is  screwed  into  a  second  closed-end  femoral  turmel  so  that  the  graft  bundles  can  be  looped  over  the  beam.  The  bundles  are 
then  securely  fastened  to  the  tibia  with  a  screw  and  studded  washer. 

To  create  a  dynamometer  for  measurement  of  graft  tension,  two  foil  strain  gages  are  mounted  on  the  facing  sides  of  the 
inside  of  the  hoUow  rectangular  section,  which  is  integral  with  the  beam.  Oriented  at  opposite  45  degree  angles  with  respect 
to  the  vertically  applied  load,  the  gages  detect  shear  strain  which  is  independent  of  the  center  of  pressure. 

To  achieve  a  hermetically  sealed  enclosure  while  at  the  same  time  providing  a  high  coupling  coefficient  for  the 
inductive  power  lirik,  the  screw  is  manufactured  from  different  materials  joined  by  various  methods.  The  threaded  portion  of 
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the  screw  is  manufactured  out  of  alumina  ceramic  facilitating  passage  of  the  inductive  power  magnetic  field.  A  titamurn 

rbL^rrSnina  so  that  the  titanium  beam  can  be  laser  welded  to  the  threaded  portion  of  the  screw.  Two 
plLum  wires,  cut  flush  to  the  exterior  surface  on  the  hex  head  end  of  the  fixation  device,  provide  the  signal  output 
connections.  A  glass  seal  around  the  wires  completes  the  hermetic  seal. 

Telemetry  Device  Design 

For  ease  of  description  and  understanding,  the  design  can  be  conceptually  separated  into 
signal  transduction,  and  signal  transmission  (Figure  4).  In  the  power  supply  section,  a  custom-desired  mductive  pickup 
coflLl  receives  the  transmS  magnetic  field.  The  coil  consists  of  40  turns  of  34  AWG  wire  wrapped  around  a  femte  core 
(length  =  6  4  mm,  diameter  =  4.6  mm).  Capacitor  Cl  develops  a  resonant  circmt  at  the  power  tirsnussion 
significantly  increasing  the  coupling  efficiency  of  the  power  coupling  link.  Diode  D1  and  capacitor  Cl  pr^de  re^cation 
aSltering  of  the  inroming  AC  voltage  supplying  a  stable  DC  voltage  to  voltage  regulator  Ul.  Resistore  R1  and  R2,  along 
"TiSil^ir  J  power  supply  voltoge  at  3.25  V.  Capacitor  C3  and  C6  provide  ad^tional  filtering  reducing  any 
spurious  noise  that  may  have  been  transmitted  from  the  power  generatmg  portion  of  the  circmt. 

Signal  transduction  is  achieved  by  using  two  current  sources,  U2  and  U3,  connected  in  series  using  ffie  cment 
differeSf  technique  (Bergmann  et  al,  1988).  The  output  of  the  current  sources  is  regulated  by  the  resistanre  v^ue  of  ^ch 
of  the  strain  gages  SGI  and  SG2.  The  interconnection  between  the  two  current  sources  provides  the  ^ent  difference  tM 
is  used  in  the^sfgnd  transmission  section.  Resistor  R4  maintains  a  permanent  offset  so  that  cuirent  ^ways  flows  of  ^ 
interconnectionSt  providing  charging  current  to  capacitor  C4.  If  resistor  R4  is  not  used,  then  U3  imght  require  inore 
current  than  co^  be  provided  by  U2  making  the  circuit  inoperable.  The  output  frequency  can  be  adjusted  by  shghtly 
altering  the  value  of  R4,  which  changes  the  charging  current  available. 

An  innovative  approach,  exploiting  the  ionic  and  volume  conduction  properties  of  body  flmds,  is  ^ 

transmission  The  frequency-modulated  output  signal  is  transmitted  through  the  tissue  medium  and  reived  '’y 
surface  electrodes.  The  transmitted  signal  is  at  a  higher  frequency,  nominally  5  kHz,  than  nom^ 
frequencies  so  that  the  signal  both  can  be  distinguished  from  them  and  does  not  ca^  spurious  muscle  contractions.  Also, 
this  reduces  the  amount  of  noise  introduced  into  the  data  signal  at  the  transmission  frequency. 

The  general-purpose  timer  U4  is  connected  as  an  astable  multivibrator  for  generation  of  the  frequency-modulated 
output  The  current  from  the  signal  transduction  section  charges  capacitor  C4  until  it  tnggeis  U4  ^ 

capacitor  to  be  discSTged  through  resistor  R3.  At  Ute  end  of  the  discharge  cycle  fte  output  w.11  rMim  to  a  hrgh 
state  and  charging  of  the  capacitor  wiU  proceed  as  previously.  The  time  for  charging  capacitor  C4  is  related  by 
current  differe^^between  the  two  current  sources  and,  thereby,  modulates  the  output  frequency  of  the  timer  which  is 
nominally  set  at  about  5  kHz.  Resistor  R5  is  used  to  limit  the  amount  of  current  sourced  by  the  circmt  for  dnimg  the  signal 
medium.  A  tradeoff  exists  between  higher  resi^ce,  thus  lower  ^ 
requirements  and  the  ability  to  detect  the  signal  with  the  EMG  leads.  By  increasmg  the  value  of  resistor  R5  ou^ut 
cSrent  can  b^  reduced  but  i^also  decreases  the  amplitude  of  the  output  voltage  pulse  makmg  signal  detection  more  difficult. 

Power  Transmission  System 

The  power  transmission  system  includes  a  benchtop  DC  power  supply,  inductive  power  supply,  6  meter  ^We  ^d  cdl 

to  the  power  supply  to  allow  for  movement  of  the  patient  during  data  collection. 

Followidg  d.e  pAKbddie  described  by  Triiyfc  and  &hwab  (1992), 

supply  to  generate  the  magnenc  field  ^^t^  ‘  and'^can  be  tlsed  to  adjust  both  the  fredueiicy  and  dnty 

maintains  the  oscillations  across  the  output  cod.  Resistors  k.i  aim  rsai.  ^  us,  j 

cycle  of  oscillation.  A  comparator  with  an  open  collector  output  buffers  the  tuner  output  signal. 
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The  actual  power  generating  section  of  the  inductive  power  supply  involves  transistor  U3,  inductors  LI  and  L2,  and 
capacitors  Cl  and  C2.  When  the  switching  transistor  U3  is  open,  current  is  supplied  to  inductor  L2  through  capacitor  C2 
and  current  is  also  supplied  to  capacitor  Cl  creating  a  positive  voltage  across  the  switch.  While  the  switch  is  closed,  L2  and 
C2  supply  current  back  to  the  switch  creating  a  positive  voltage.  By  switching  the  transistor  on  and  off  oscillations  are 
established  at  the  switching  fiequency.  A  design  frequency  of  200  kHz  was  chosen  because  tissue  is  translucent  at  this 
frequency  (Johnson  and  Guy,  1972). 

The  external  coil  consists  of  48  turns  of  24  AWG  wire  wrapped  around  a  plastic  bobbin  form  (length  =  12.2  mm,  inside 
diameter  =  25.4  mm).  The  chosen  diameter  allows  for  the  expected  movement  of  the  external  coil,  relative  to  the  internal 
coil,  without  appreciably  decreasing  the  coupling  coefficient  and,  thereby  losing  power  transfer.  However,  the  external  coil 
diameter  has  been  minimized  so  that  coupling  with  the  internal  coil  can  be  maximized  (Soma  et  al.,  1987). 

Data  Acquisition  System 

The  data  acquisition  system  consists  of  EMG  leads  with  amplifier,  6  meter  cable,  signal  conditioning  board,  and 
computer  with  an  installed  data  acquisition  board  (Figure  1).  Placed  near  the  knee  on  the  lateral  side,  sUver/sUver-chloride 
surfece  electrodes  monitor  the  output  of  the  internal  telemetry  device.  An  instrumentation  amplifier  (INA  101)  amplifies 
the  telemetry  output  signal  and  transmits  the  signal  to  the  signal  conditioning  board.  The  amplifier  is  configured  to  provide 
a  high-pass  filter  with  a  cutoff  firequency  of  33  Hz  eliminating  low-frequency  noise.  As  in  the  case  of  power  transmission,  a 
cable  tethers  the  patient  to  the  ACL  telemetry  system. 

The  signal  conditioning  board  receives  the  amplified  EMG  signal  and  converts  the  frequency  to  an  analog  voltage  for 
input  into  a  computer  data  acquisition  board  (Figure  6).  A  comparator  Ul,  whose  output  goes  high  when  the  input  exceeds 
the  threshold  set  by  resistor  R4,  detects  the  incoming  frequency  and  converts  it  to  a  TTL  compatible  signal.  Flip-flop  U2 
generates  a  50  %  duly  cycle  digital  signal  at  one-half  the  input  frequency,  which  is  then  used  to  drive  the  frequency-to- 
voltage  converter  (FVC).  The  operational  amplifier  U4,  along  with  R12  and  Rll,  provides  a  dc  offset  and  variable  gain 
factor  to  the  FVC  output  to  make  maximum  use  of  the  input  dynamic  range  of  the  data  acquisition  system.  Resistor  R15  and 
capacitor  C9  yielded  a  low-pass  filter  with  a  370  Hz  frequency  cutoff  to  reduce  output  noise.  The  output,  which  is  set  as  a  0 
to  5  V  signal,  is  connected  to  a  data  acquisition  board. 

Performance  Evaluation 

Performance  evaluation  of  the  ACL  telemetry  system  can  be  separated  into  the  three  system  components  as  described 
above:  the  power  transmission  system,  the  telemetry  device,  and  the  data  acquisition  system.  The  purpose  of  the  power 
transmission  system  is  to  provide  sufficient  power  to  the  implanted  electronics  for  it  to  operate  properly  at  the  required 
external  and  internal  coil  separation.  Although  the  design  frequency  was  200  kHz,  due  to  inaccuracies  of  the  design 
procediue,  the  available  component  values,  and  the  inductance  of  the  output  coil  the  actual  operating  frequency  is 
approximately  167  kHz.  This  operating  frequency  was  chosen  by  adjusting  the  frequency  of  oscillation  until  the  voltage 
across  the  transistor  is  minimized  during  the  onset  of  transistor  conduction,  thereby,  minimizing  the  power  loss  and  the 
heat  dissipation  in  the  transistor. 

When  the  frequency  is  set  so  that  the  transistor  turns  on  immediately  at  the  end  of  the  first  half  cycle  the  voltage  across 
the  output  coil  is  300  V  peak-peak.  The  present  design  generates  sufficient  magnetic  field  to  provide  the  telemetry  device 
with  the  required  9  mW  of  power  at  a  coil  separation  of  20  mm.  The  estimated  separation  for  the  two  coils  during 
experimental  trials  is  10  nun  to  15  mm  so  some  room  for  variability  does  exist.  Lateral  movement  of  the  internal  coil 
relative  to  the  external  coil  has  no  effect  on  power  transfer  until  the  outer  edges  of  the  two  coils  begin  to  line  up,  where  the 
expected  rapid  drop-off  occurs. 

It  was  observed  during  testing  of  the  inductive  power  supply  that  sufficient  power  is  radiated  from  the  external  cx)il  to 
cause  significant  heating.  In  fact,  the  coil,  which  reached  a  temperature  of  1 1 1  degrees  C,  would  cause  severe  bums  if  held 
in  contact  with  tissue. 
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The  functionality  and  perfonnance  of  the  electronic  circuitry  of  the  telemetry  device  was  tested  on  the  bench  at  ambient 
temperature.  The  telemetry  electronics  were  powered  from  a  DC  power  supply;  thus  the  inductive  power  link  was  not  used. 
The  beam  was  placed  in  a  custom  designed  holder  and  securely  held  in  a  benchtop  vise  so  that  weights  could  be  hung  from 
the  beam.  The  output  of  the  circuit  was  cormected  to  the  signal  conditioning  board  through  the  6  meter  cable  and  recorded 
using  a  data  acquisition  computer.  The  output  voltage  was  recorded  under  various  loading  conditions  to  quantify  different 
performance  characteristics. 

To  measure  the  hysteresis  and  non-Unearity  of  the  device,  weights  were  applied  incrementally  during  loading  and 
unloading.  The  response  was  linear  with  a  full  scale  voltage  range  of  4.25  V  for  a  maximum  load  of  290  N.  The  maximum 
non-hnearity  for  the  loading  condition  was  0.63  %  of  full  scale  load.  The  hysteresis  showed  a  maximum  deviation  of  only 
0.65  %. 


A  drift  test  was  conducted  at  four  different  loads:  0  N,  110  N,  200  N,  and  290  N.  Data  were  collected  for  a  30  minute 
time  period  for  each  of  the  loads.  No  low  frequency  drift  was  present  for  any  of  the  four  tests.  Noise  in  the  telemetry  system 
limited  the  resolution  to  a  typical  value  of  1. 15  %  of  full  scale  output.  The  worst  case  resolution  was  1 .29  %,  which  occurred 
for  the  110  N  load.  Therefore,  a  fypical  signal-to-noise  ratio  of  39  dB  was  obtained. 

The  dynamic  response  of  the  system  was  measured  by  momentarily  switching  in  a  parallel  resistance  with  one  of  the 
strain  gages.  This  simulated  a  step  input  in  the  loading.  The  time  to  reach  90  percent  of  the  final  output  (rise  time)  was  9 
ms  with  a  5  ms  time  constant.  Different  rise  times  can  be  obtained  by  changing  the  integrating  capacitor,  C7,  for  the  FVC. 
However,  resolution  of  the  system  will  also  change  because  a  smaller  capacitor  will  lead  to  shorter  rise  times  but  the 
integrator  output  ripple  will  increase  (Figure  7). 

The  most  important  aspect  of  the  data  acquisition  system  is  the  ability  of  the  comparator  to  detect  signal  pulses.  The 
signal  conditioning  board  was  tested  on  the  benchtop  measuring  the  hysteresis  and  threshold  levels.  The  present  circuit 
requires  a  Tninimnm  of  100  mV  peak  input  signal  for  the  output  to  change  states  and  has  a  hysteresis  band  of  25  mV  to 
eliminate  false  triggering  during  a  state  transition. 

Discussion 

The  objective  of  this  project  was  to  design,  build,  and  test  a  telemetry  system  that  can  monitor  ACL  graft  forces  in  vivo 
during  rehabihtation.  Many  physiological  quantities  have  been  measured  using  implantable  telemetry  devices,  especially 
with  the  advent  of  microcircuitiy  and  hybrid  circuit  design  (Jeutter,  1983).  Telemetry  devices  have  been  irsed  extensively  in 
hip  implants  to  monitor  human  hip  cartilage  surface  pressures  (Carlson  et  al,  1974),  hip  joint  forces  (Graichen  and 
Bergmann,  1991;  Kilvington  and  Goodman,  1981),  and  strain  measurements  (Barlow  et  al,  1984;  Taylor  et  al,  1992). 
However,  due  to  the  unique  nature  of  the  apphcation  here,  no  previous  system  built  around  these  devices  satisfied  the  design 
criteria.  Accordingly,  the  design  of  a  new  system  was  undertaken. 

To  meet  the  first  design  criterion  of  using  a  current  fixation  device  so  that  the  surgical  procedure  did  not  need  to  be 
modified,  the  bone  mulch  screw  was  selected.  The  internal  components  were  designed  to  fit  into  the  geometric  constraints 
of  the  screw,  which  severely  Umited  the  number  of  components  allowed  and  the  construction  teclmique  to  be  used.  Some 
modifications  to  the  screw  were  required  but  the  basic  form  and  function  were  not  altered.  Accordingly,  the  modified  screw 
can  be  used  without  affecting  the  siugical  procedure. 

The  second  criterion  of  insuring  the  patients'  safety  was  also  met.  The  packaging  for  an  implantable  telemetry  device 
must  provide  protection  of  the  electronic  and  mechanical  components  from  the  hazardous  body  environment,  protection  of 
the  patient  from  any  possible  harmful  effects,  and  compatibility  with  the  body  (Ko  and  Spear,  1983).  A  hermetically  sealed 
enclosure  is  ideal  because  polymers  do  not  provide  the  same  protection  due  to  a  fimte  permeability  to  moisture  (Ko  and 
Spear,  1983).  An  hermetically  sealed  enclosure  was  realized  by  using  both  glassy  and  metallic  seals  (Donaldson,  1988). 

The  third  design  criterion  was  to  minimize  the  power  dram  of  the  implanted  electronics.  Most  designs  utilizing  strain 
gages  employ  Wheatstone  bridges  and  operational  amplifiers  for  amplification  of  the  small  resistance  change,  but  this 
requires  a  large  number  of  components  and  has  a  high  power  demand.  To  reduce  both  the  component  count  and  the  power 


244 


demand,  the  current  difference  method  was  used  (Bergmarm  et  al.,  1988)  This  method  was  ideally  suited  to  the  application 
because  both  current  source  outputs  were  regulated  by  the  two  strain  gage  resistances.  The  current  difference  was  used  to 
modulate  the  frequency  of  a  carrier  signal. 

Space  limitations  for  the  internal  circuitry  severely  restricted  the  available  options  for  data  transmission.  Radio 
frequency  transmission  could  not  be  employed  because  a  coil,  needed  for  transmitting  the  signal,  required  too  much  space. 
A  transcutaneous  optical  data  link  could  not  be  used  because  it  required  an  optical  path,  which  was  unavailable  (Mitamura 
et  al,  1990).  Likewise,  the  transcutaneous  power  link  could  not  be  used  ^cause  the  coupling  coefficient  between  the 
external  and  internal  coils  was  so  small  that  any  change  in  the  internal  coU  inductance  had  a  negligible  effect  on  the 
external  coil  inductance  (Donaldson,  1986).  Therefore,  an  innovative  approach  was  taken  harnessing  the  ionic  and  volume 
conduction  properties  of  the  body  fluids  for  data  transmission. 

The  new  data  transmission  technique  was  developed  and  tested.  Testing  demonstrated  that  an  electrical  signal,  which 
constituted  the  data  signal,  could  be  transmitted  into  the  body  fluids  containing  ions  that  were  used  as  charge  carriers  and 
then  easily  detected  using  surface  electrodes.  The  signal's  frequency  needed  to  be  high  enough  so  that  interference  with 
signals  naturally  existing  in  the  body  did  not  occur.  Current  limiting,  thereby  limiting  power  consumption,  was  easily 
obtained  by  placing  a  resistor  in  series  with  the  output  before  the  signal  entered  the  body  fluids. 

To  insure  that  the  circuitry  diagrammed  in  Figure  4  could  be  housed  within  the  hoUow  of  the  screw  (Figure  2),  a  design 
for  a  hybrid  circuit  board  was  completed.  Although  the  circuitry  in  Figure  4  could  be  accommodated,  the  space  limitation 
precluded  any  additional  circuitry  for  diagnostic  purposes.  Therefore  the  sixth  design  criterion  could  not  be  met.  However, 
analysis  of  the  data  transmission  signal  does  provide  information  regarding  the  functionality  of  the  electronics. 

The  fourth  design  criterion  required  that  the  device  operate  for  a  minimum  of  12  weeks  after  implantation.  Batteries 
were  eliminated  from  consideration  because  present  technology  does  not  provide  a  battery  with  sufficient  power,  even  when 
using  switches  to  extend  the  battery  Ufe,  that  can  be  housed  in  the  required  enclosure.  Thus,  transcutaneous  power  coupling 
was  the  only  possible  solution  and  allowed  for  longer  experimental  times,  more  experimental  trials,  and  repeated 
experiments.  However,  a  poor  coupling  coefficient  resulted  both  because  of  the  10  mm  to  15  rrun  separation  between  the 
internal  and  external  coils  and  boause  of  the  size  difference  between  the  two  coils.  Therefore,  a  class  E  power  supply 
design  was  chosen  because  it  provides  greater  efficiency  of  power  generation  than  other  power  supply  designs  (Troyk  and 
Schwan,  1992).  Nevertheless,  due  to  the  large  power  requirements,  a  pack  to  cany  enough  batteries  was  too  heavy  and 
cumbersome  so  that  instead  the  patient  was  tethered  to  a  6  meter  cable. 

Because  significant  heat  was  generated  in  the  external  coil,  a  sheet  of  thermally  nonconductive  material  must  be  placed 
between  the  patient  and  the  coil  to  prevent  discomfort  to  the  patient.  However,  the  separation  between  the  internal  and 
external  coils  needs  to  be  kept  at  a  minimum  so  that  sufficient  power  can  be  transferred  to  operate  the  telemetry  device. 

The  fifth  criterion  concerning  resolution,  non-linearity,  and  (fynamic  response  was  satisfied.  The  non-linearity  of  the 
device  was  less  than  ±1  %  with  a  typical  resolution  of  1.1  %.  The  dynamic  response  produced  a  9  ms  rise  time  and  a  5  ms 
time  constant.  In  vivo  dynamic  ACL  force  measurements  in  humans  have  not  been  obtained.  However,  in  vivo  ACL  force 
measurements  in  quadrupeds  showed  a  worst  case  loading  rate  of  1572  N/ms  during  normal  walking  (Holden  et  al,  1994). 
This  leads  to  an  error  of  7.8  N  (error  =  slope  *  time  constant),  which  corresponds  to  2.7  %  of  full  scale  load,  in  the  present 
system.  Typically,  leg  movement  immediately  postoperative  is  limited  due  to  swelling  and  pain.  Therefore,  a  relatively  slow 
loading  rate  is  expected. 

Conclusion 

Because  a  safe  and  effective  rehabilitation  program  for  ACL  reconstructive  patients  depends  upon  knowing  the  graft 
tension  during  rehabilitative  exercises,  the  goal  of  this  project  was  to  design  and  build  a  telemetry  system  that  can  monitor 
the  ACL  graft  tRnsinns  in  vivo.  The  performance  evaluation  demonstrated  that  the  design  satisfied  all  of  the  criteria 
important  to  the  application.  Accordingly,  much  progress  toward  developing  an  ACL  telemetry  device  that  can  monitor 
ACL  graft  tension  in  vivo  has  been  made.  The  next  step  for  developing  an  implantable  telemetry  device  is  to  implant  a 
prototype  and  test  its  functionality  in  an  animal  model. 
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Figure  3 :  Completed  ACL  reconstruction. 
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Figure  4:  Implant  electronics,  schematic  diagram. 
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Figure  5 :  Inductive  power  supply,  schematic  diagram. 
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ABSTRACT 

This  paper  outlines  the  progress  in  the  development  of  a  biomimetic,  prefabricated  synthetic  building  material  that  is  to  have  the 
superior  properties  of  bone.  The  goal  was  to  make  polymer/ceramic  composite  which  mimics  bone  in  both  process  of  fabrication  and 
resultant  properties  and  bond  between  phases,  because  bones  and  shells  have  been  found  to  have  greater  toughness  and  strength  than 
conventional  ceramics  alone  due  to  the  presence  of  organic  bonding  materials.  The  intimate  connection  between  material  phases  is  due 
to  careful  growth  sequences,  i.e.  the  fibers  are  made  first  and  the  matrix  grown  around  them  as  opposed  to  conventional  ceramics  in 
which  any  fibers  are  added  to  the  matrix.  We  followed  the  rules  under  which  bone  material  naturally  forms  albeit  at  a  macroscale,  as 
spelled  out  by  researchers  in  biological  materials. 

Keywords:  Biomimetic,  bone,  composites,  building  materials,  polymer,  ceramic,  bone  formation 

1.  Introduction 

1.1  Rules  of  Bone  Formation 

The  goal  is  to  mimic  bone  material  formation  to  obtain  superior  performance  properties.  The  rules  of  natural  bone  formation  are  as 
follows; 

"Bone  is  made  up  of  tui  oriented  matrix  which  is  secreted  by  bone-forming  cells:  the  osteoblasts.  This  organic  matrix  is  first  made  of 
structural  molecules  which  serve  as  a  scaffolding  and  which  are  laid  down  in  a  very  precise,  oriented  pattern  of  fibrils  into  and  onto 
which  the  inorganic  crystalline  phase  forms.  The  formation  of  the  first  crystals  of  inorganic  salt  of  calcium  phosphate  is  referred  to  as 
the  initiation  or  nucleation  site  which  appear  at  regular  intervals  along  this  complex  organic  scaffolding  of  collagen  laid  down  by 
osteoblast.  Once  nucleation  has  occurred,  the  next  major  process  involves  the  continuation  of  crystalline  growth  from  the  nucleation 
sites  outward  along  the  fabric  of  the  organic  matrix  and  eventually  between  the  molecules  which  serve  as  scaffolding.  As  crystal 
growth  continues  and  forms  a  dense,  inorganic  matrix,  there  is  a  loss  of  organic  components  which  are  designed  to  reserve  space  in  this 
matrix  for  the  ever-expanding  inorganic  phase."' 

"The  important  landmarks  of  the  organizational  rules  that  can  be  deduced  are  as  follows; 

1.  Oriented  multi-component  organic  matrix  of  fibrils  as  secreted  by  osteoblasts. 

2.  The  formation  of  these  oriented  structural  molecules  serve  as  scaffolding  (fibrils)  and 

nucleation  sites. 

3.  Initiation  or  nucleation  of  this  inorganic,  calcium  phosphate  crystalline  phase  on  the  sites. 

4.  The  continuation  of  crystal  growth  with  simultaneous  rearrangement  or  elimination  of 

components  from  the  organic  matrix."' 
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1.2  The  Biomimetic  Processes  In  the  Simplest  Case 

Following  the  above  rules  in  the  self-growing  structure  (see  figure  1):  porous  walled  hollow  polymer  fibers  would  release  organic 
polymer  chemicals  into  an  inorganic  matrix.  The  fibers  would  act  as  the  organic  template  of  fibrils  onto  which  forms  the  calcium 
phosphate  from  the  matrix,  creating  a  strong  structural  bone-like  composite.  The  chemicals  released  from  the  fibers  are  designed  to 
form  a  linked  organic/inorganic  matrix  The  chemicals  are  monomers  which  release  water  when  polymerizing.  Reactions  in  which  the 
water  released  (as  they  crosslink)  hydrates  the  calcium  phosphate  cement. 

The  structural  design  of  the  matrix  organization  to  resist  particular  stresses  can  be  built  into  the  formation  process  by  the  application  of 
prestressing.  More  particularly,  these  generated  lines  of  force  can  cause  the  charged  cementitious  ions  to  migrate  along  them.  The 
prestressing  forces  on  the  composite  would  thus  generate  the  appropriate  microstructure,  metal  fibers  could  be  used  as  the  fibers  which 
carry  an  electrical  change. 

Ongoing  self-healing  over  the  life  of  the  structure  would  be  accomplished  by  reuse  of  the  original  void  fibers.  These  porous  walled 
hollow  fibers  would  deliver  repair  chemicals  if  and  when  damage  to  the  matrix  occurs,  such  as  cracking.  In  other  research  we  have 
shown  this  type  of  repair  improves  strength,  toughness  and  ductility. 

Referring  back  to  the  organization  of  rules,  the  1)  organic  scaffolding  of  fibrils  is  mimicked  by  the  hollow  porous  polymer  fibers.  2) 
Structural  molecules  that  are  scaffolding  and  nucleation  sites  are  the  polymers  which  are  created  near  the  fiber  release  points  by 
crosslinking  from  the  monomer  in  the  matrix  and  the  catalyst  released  from  the  fiber.  3)  Initiation  of  the  inorganic  crystallizing  phase 
in  the  polymer  is  caused  by  the  released  water  which  hydrates  in  the  cement,  and  4)  continuation  of  crystal  growth  and  simultaneous 
rearrangement  of  the  organic  matrix  is  mimicked  by  ions  which  migrate  along  stress  lines  generated  by  electricity  from  metal  fibers. 

The  significance  of  this  work  is  1)  that  brittle  cement  materials  will  have  ductile  fibers  bonded  in  the  matrix  and  a  polymer/cement 
inherently  bonded  and  therefore  the  composite  will  have  superior  strength  properties,  2)  the  morphology  and  controlled  reaction 
between  phases  in  the  matrix  will  impart  superior  properties,  3)  the  material  will  be  formed  under  the  actual  stress  environment  and 
therefore  perform  in  a  superior  way  in  the  field  and,  4)  the  material  will  be  self-repairing. 


2.  DEVELOPMENT  OF  A  PROCESS  FOR  BIOMIMETIC  MATERIAL  PRODUCTION 

We  have  investigated  a  polymer  condensation  reaction  and  the  method  for  inducing  this  polymerization  and  ensuring  the  hydration  of 
the  cements.  The  chemistry  had  the  following  constraints:  the  reaction  must  take  place  near  room  temperature;  the  reactants  and 
products  must  be  relatively  harmless;  the  resulting  polymer  must  be  cross-linked  once  it  has  been  released  in  the  matrix;  the  resulting 
polymer  must  not  be  water  soluble;  the  polymer  structure  must  provide  a  suitable  interface  for  the  link  up  with  hydrated  cement 
crystals;  the  chemical  constituents  must  be  widely  available  and  relatively  inexpensive;  and  the  polymer  must  give  off  enough  water  to 
hydrate  the  cement  and  not  need  mixing. 

These  reactions  were  symbiotic.  The  polymerization  produced  the  water  necessary  to  hydrate  the  portland  cement,  and  the  hydration 
of  the  Portland  cement  absorbed  the  water  byproduct  of  the  condensation  reaction,  thereby  driving  the  polymerization  reaction  to 
produce  more  polymer,  (the  polymerization  process  usually  required  a  vacuum  in  order  to  remove  the  water  from  the  condensation 
reaction.) 

Time  sequencing  and  developing  a  suitable  system  for  introducing  the  liquid  monomer 

is  essential  in  our  experimentation.  The  delivery  system  was  required  to  evenly  distribute  the  liquid  monomer  to  all  portions  of  the 
powder  matrix.  As  this  liquid  reached  the  powder,  the  liquid  monomer  and  the  monomer  in  the  matrix  polymerized  and  gave  off  water 
which  hydrated  the  portland  cement  powder. 

2.1  Investigation  of  the  properties  of  biomimetic  composite  material 

This  early  research  was  done  to  find  a  process  which  successfully  produced  the  material  by  following  the  time  sequencing  of  bone 
formation.  Once  the  process  was  successful,  we  began  to  study  the  properties  of  the  product.  Samples  were  made  to  study  the  basic 
properties  of  the  composite  in  comparison  with  cement.  Butter  stick  samples  (T'xT'xS")  and  compression  cubes  (2"x2"x2”)  were 
made  of  both  materials  (cement  and  composite)  to  compare  the  bending  and  compressive  strengths  and  behaviors  of  the  materials. 
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Initiator  is  pumped  or 
rdeased  through  the  Sben. 
It  crosslinks  with  the 
monomer  in  the  matrix. 


Some  fibers  are  piezo¬ 
electric  and  give  off  a 
charge  when  stressed  (in 
a  prestressing  mode). 


Polymer  is  formed  by 
reaction  between  monomer 
and  initiator,  givii^  off 
water. 


Charged  ions  in  the  cement 
polymer  matrix  are  migrated 
away  from  the  fiber  bend  and 
charged  ions  are  attracted,  e  g. 
Ae  negative  ions  fill  (beef  up) 
a  stressed  member. 


Water  from  polymer 
condensation  reaction 
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Some  of  the  hollow  fibers 
are  used  to  deliver  repair 
chemicals  to  change  the 
matrix’ interior 
microstructure. 


Figure  1.  The  sequence  of  forming  the  biomimetic  bone-like  polymer  cementitious  composite. 


2.2  Test  Results 

Three-point  bending  tests  revealed  that  the  composite  material  did  not  suffer  the  same  brittle  failure  of  typical  cements.  A  companson 
was  made  of  the  behavior  of  the  composite  material  to  a  polymer  sample  and  a  cement  sample  (all  made  with  the  same  delivery 
system),  see  figure  2.  The  cement  sample  initially  carried  vei^  low  loads,  but  upon  sudden  brittle  failure,  the  load  capacity  increased 
significantly  as  the  load  was  transferred  to  the  steel  reinforcing.  However,  the  composite  material  never  experienced  such  a  brittle 
failure,  rather  a  gradual  increase  in  load  capacity  can  be  seen  in  the  more  flexible  composite,  as  microcracking  absorbs  the  load  energy, 
preventing  build  up  to  sudden  failure. 


Figure  2.  Load  diagrams  of  cement  control  and  polymer/cement  composite. 


Compression  tests  showed  the  compressive  strength  of  the  new  composite  to  be  less  than  that  of  cement. 

A  closer  look  at  the  materials  confirms  that  the  composite  material  is  meeting  some,  but  not  all,  of  the  rules  outlined  for  mimicking 
bone  formation.  Scanning  electron  microscope  photographs  show  composite  with  some  cross  linking  (Figure  3  and  4).  At  250X 
enlargement,  it  can  be  seen  that  the  composite  material  is  indeed  a  combination  of  the  polymer  and  cement  materials,  therefore  the 
process  of  polymerization  and  cement  hydration  is  successful.  At  2500X  enlargement,  the  is  further  confirmed,  while  it  becomes 
apparent  that  the  two  materials  seem  to  be  linked  only  mechanically  due  to  proximity  in  space. 
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3.  CONCLUSIONS 

This  research  has  led  to  a  process  of  mimicking  bone  production.  The  polymerization  and  resulting  cement  hydration  is  a  symbiotic 
reaction  that  leads  to  a  mechanically  bonded  polymer-cement  composite  material.  Through  testing,  it  was  found  that  the  bending 
behavior  of  the  polymer-cement  composite  was  less  like  typical  cement  (with  its  brittle  failure)  and  failed  in  a  more  ductile  manner, 
with  more  deflection  and  flexure.  The  process  of  delivering  the  liquid  monomer  into  the  powder  matrix  must  be  improved  to  reach 
greater  material  strengths,  and  different  polymers  are  also  being  investigated.  However,  the  properties  of  bone  are  becoming  more 
attainable  as  this  research  proves  the  possibility  of  matching  the  bone  production  process. 
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ABSTRACT 

Cyclodextrin  thin  films  were  fabricated  using  either  self-assembled  monolayers  (SAM)  or  sol-gel  techniques.  The 
resulting  host  receptor  thin  films  on  the  substrates  of  surface  acoustic  wave  (SA\^0  resonators  were  studied  as  a  method  cf 
tracking  organic  toxins  in  vapor  phase.  The  mass  loading  of  surface-attached  host  monolayers  on  SAW  resonators  gave 
frequency  shifts  corresponding  to  laical  monolayer  surface  coverage  for  SAM  methods  and  "multilayer"  coverage  for  sol-gel 
teclmiques.  Subsequent  exposure  of  the  coated  SAW  resonators  to  organic  vapors  at  various  concentrations,  typically  5000 
parts  per  millions  (ppm)  down  to  100  parts  per  billions  (ppb)  by  mole,  gave  responses  indicating  middle-ppb-sensitivity 
(~50  ppb)  for  those  sensor-host-receptors  and  organic-toxin  pairs  with  optimum  mutual  matching  of  polarity,  size,  and 
structural  properties. 

Keywords;  sensor,  cyclodextrin,  receptor,  surface  acoustic  wave,  self-assembly,  self-assembled  monolayer,  sol-gel,  host 
polymer,  thin-film. 


2.  INTRODUCTION 

Chemical  microsensors  are  desired  for  cost-effective  environmental  monitoring,  site  remediation,  and  industrial  process 
characterization,  1  and  are  expected  to  play  a  growing  role  in  these  applications.  The  analyses  of  volatile  organic  compounds 
(VOCs)  are  currently  performed  with  standard  analytical  instruments  such  as  gas  chromatography  and  mass  spectrometry.  By 
integrating  a  surface  acoustic  wave  (SAW)  measurement  platform  with  a  selective  sensing  layer,  a  desired  chemical 
microsensor  is  constructed,  which  provides  some  of  the  functionality  of  analytical  instrumentation,  but  with  drastically 
reduced  cost,  size,  and  power  consumption. 

Moreover,  chemical  microsensors  have  also  found  demanding  applications  in  other  areas.  These  include  worker  safety 
assurance  and  detection  of  the  presence  of  special  substance  or  odor.  The  benefit  of  using  chemical  sensors  is  great  because 
early  detection  and  warning  of  the  presence  of  specific  chemicals  will  lead  to  proper  procedures  that  can  remediate  the 
situation.  In  general,  sensors  are  smart  devices  which  provide  important  information  for  making  critical  decisions  that  could 
benefit  us  from  environmental  safety  to  increased  productivity  in  industrial  process. 

There  has  been  numerous  work  on  SAW  device  fabrications  not  only  for  chemical  sensors  but  also  for  communication 
devices  such  as  frequency  filters  and  cellular  phones.  Little,  however,  has  been  done  on  engineering  the  selective  sensing 
layers.  In  this  paper,  we  focus  on  a  novel  approach  to  construct  new  host  receptors  as  a  sensing  layer  on  SAW  devices  using 
innovative  molecular  self-assemblies  and  sol-gel  techniques.  The  sensing  layer  can  be  regarded  as  a  smart  skin  of  the 
detection  device;  they  preferentially  interact  with  and  absorb  specific  organic  molecules  in  the  vapor  phase.  By  modifying  the 
sensing  layer  characteristics,  the  sensor  properties  can  be  designed  and  tuned  so  that  desired  selectivity  and  sensitivity  can  be 
achieved.  Here,  we  report  the  studies  of  nature-occurring  cyclodextrin  molecules,  which  are  known  to  form  inclusion 
complexes  with  organic  compounds,  as  a  superior  sensing  layer  on  SAW  devices. 

3.  RESULTS  AND  DISCUSSIONS 

Cyclodextrins  are  chiral,  toroidal-shaped  enzymatic  products  formed  by  the  action  enzyme  cyclodextrin  transglycosylase 
on  hy^-olyzed  starch.  They  contain  m  =  6Xo  12  glucose  units  bonded  together  through  a-(l,4)-linkage,  whose  characteristic 
sleeve-like-cavity  size  and  shape  are  defined  by  m.  The  three  smallest  homologs,  a-  (jn  =  6),  p-  {m  =  7),  and  y-  {m  =  8) 
cyclodextrins,  are  commercially  available.  These  host  cavities  exhibit  hydrophobic  behavior;  depending  on  the  variety,  they 
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have  the  size  and  chemical  environment  to  readily  incorporate  specific  chemical  agents  or  target  organics  through  "host"  and 
"guest"  interactions.  Furthermore,  the  polarity  and  the  size  of  the  cyclodextrin's  cavity  can  be  chemically  modified  and 
structurally  tuned  to  further  enhance  molecular  recognition  ability. 

The  self-assembled  monolayers  of  cyclodextrin  receptors  on  SAW  surfaces  were  prepared  by  reacting  cyclodextrin 
derivatives  with  a  bifunctional  bis(l,6-trichlorosilylhexane)  (BTCSH)  derivatized  oxide  surface  to  create  covalently  bound 
sensing  layer  with  tailored  selectivity  as  shown  in  Scheme  The  surfece  attached  nanometer-sized  host  molecules  are 
predominantly  aligned  upward^  and  endowed  with  a  locally  modified  chemical  environment  to  complex  volatile  organic 
compounds. 


Scheme  I 


d 


a-Cyclodextrin:  4.7-5.2  A 
p-Cyclodextrin:  6.0-6.S  A 
y-Cyclodextrin:  7.5-8.S  A 


Using  efficient  molecular  engineered  cyclodextrin  host  monolayers,  we  have  achieved  sensitivity  comparable  to  that  cf 
thicker  polymer  spin-casted  or  spray-coated  films.'*  The  optimized  interactions  between  hosts  and  guests  are  attributable  to 
the  proper  aligmnent,  lipophilic  cavity,  and  functionalization  of  the  upper  rim. 

The  general  synthetic  strategy  is  first  blocking  the  primary  side  (bottom  of  the  molecular  bucket)  of  the  cyclodextrin  and 
then  functionalizing  the  secondary  side  by  reacting  various  organic  substitutes  with  the  secondary  hydroxyl  groups.  When  the 
proper  functional  groups  were  introduced  at  the  desired  level  on  the  secondary  side,  the  blockers  in  the  pimary  side  is  then 
hydrolyzed  off  to  recover  the  primary  hydroxyl  group  for  surfece  attachment.  We  have  selected  l,6-bis(trichlorosilyl)hexane 
as  our  first  linker  because  it  reacts  readily  with  hydroxyl  groups.  In  our  vapor-phase-monolayer  deposition,  we  found  little 
amount  of  the  l,6-bis(trichlorosilyl)hexane  forming  loop-like  structures  on  the  silica  surfaces.  This  might  be  due  to  the  feet 
that  the  extended  chains  are  the  energetically  favorable  structures. 

The  asymmetric  host  molecules  used  in  this  study  include  a-cyclodextrin  dodeca(20,30)-benzoate  (1),  p-cyclodex^ 
tetradeca(20,30)-benzoate  (2),  p-cyclodextrin  tetradeca(2C>,30)-acetate  (3).  Host  compounds  1  and  3  were  prepared  accordmg 
to  the  reported  literature  procedures;^  whereas,  host  compound  2  was  synthesized  by  treatmg  P-cyclodextrin  with  r- 
butyldimethylsilyl  chloride  followed  by  benzoation  reaction  using  benzoyl  chloride  in  pyndme.  The  host  monolayer  thin 
films  were  prepared  by  exposing  the  cleaned  SAW  substrates  to  the  vapor  of  l,6-bis(trichlorosilyl)hexane  by  bubbling  argon 
through  a  trap-bubbler-trap  system  at  150  mL/min  at  70  "C.  The  silane  derivatized  substrates  were  then  immersed  m  the 
~1 .0-5.0  mM  corresponding  cyclodextrin  solutions  for  about  2  hrs  at  room  temperature  to  allow  the  formation  of  se  - 
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assembled  host  monolayers.  The  sol-gel  precursors  were  synthesized  by  reacting  cyclodextrin  with  isocyanatopropyl- 
triethoxy-silane  in  pyridine  at  75  °C  for  48  hours,  followed  by  removing  of  the  solvent  and  redissolving  the  sol-gel 
precursors  in  DMF.  The  sol-gel  films  were  prepared  by  simply  immersing  the  corresponding  SAW  devices  in  the  above  10 
mM  sol-gel  precursor  solution  in  DMF  at  room  temperature  for  a  period  of  time  up  to  two  days. 


1;  R  =  -COC^Hs,  n  =  1 
2:  R  = -COCgHj,  n  =  2 
3:  R  =  -C0CH3,  n  =  2 

SAW  resonators  (200  MHz)  were  used  to  measure  sensor  response  to  organic  analytes.®  The  phase  velocity  of  this 
acoustic  wave — and  therefore  the  resonant  frequency  of  the  device — is  a  sensitive  function  of  the  physical  properties  of  any 
contacting  materials.  In  the  present  case  of  thin,  nonconductive  thin  films,  electrical  and  viscoelastic  effects  are  minimal  and 
the  resonant  frequency  shift  (4/')®'*  depends  mainly  on  the  mass  loading  per  unit  area  (Am/A)  of  the  sensing  monolayer^  and 
any  adsorbed  vapors  according  to  eq.  (1),  where  K=  1.3  x  10'®  s*cm^/g. 

Af=-Kf^  (1) 

For  cyclodextrin-based  monolayers,  we  have  observed  a  chemical  sensor  with  a  sensitivity  of  about  50-5  ppm  towards 
typical  organic  molecules  such  as  chloroform,  perchloroethylene,  and  xylenes.  SAW  measurements  indicate  that  the 
interaction  of  the  sensing  layer  with  organic  vapors  produces  a  maximum  mass-loading  of  a  typical  monolayer.  This  result 
further  suggests  that  each  surface-bound  receptor  interacts  with  one  or  less  organic  analytes  on  average.  The  sensor  sensitivity 
depends  on  two  factors:  the  ultimate  sensitivity  of  the  SAW  devices  and  the  affinity  of  the  sensing  layer  to  the  target 
molecules.  The  sensitivity  of  SAW  devices  has  little  improvement  now,  but  the  sensing  layer  can  be  adjusted  to  obtain  a 
large  range  of  sensitivity  for  target  organic  compounds  by  tuning  the  equilibrium  constant. 

For  a  given  system,  the  sensor  sensitivity  increases  with  the  increase  of  the  sensing  layer  thickness.  Therefore,  a 
monolayer  system  is  useful  in  understanding  specific  molecular  interactions  between  analytes  and  sensing  layers,  but  a 
multilayer  system  is  practical  for  sensor  applications.  Aforementioned  self-assembled  systems  offer  an  approach  of  controlled 
synthesis  to  multiple  layer  thick  films.  Sol-gel  techniques  offer  an  alternative  approach  to  thick  films  with  less  control  of  the 
molecular  structure  but  with  great  simplified  synthetic  route. 

Figure  1  shows  real-time  reversible,  rapid  (~sec)  sensor  response  for  a  cyclodextrin  sol-gel  film  to  acetone  at  a 
concentration  range  from  25  ppm  to  2  ppm.  Over  five  orders  of  vapor  concentrations  (~5,000  ppm-50  ppb),  a  nonlinear 
behavior  was  observed  at  extreme  organic  vapor  partial  pressures;  whereas  sensor  exhibits  a  linear  response  within  a  narrow 
concentration  range,  especially  at  low  concentrations.  For  xylene  and  perchloroethylene,  the  vapor  concentrations  as  low  as 
~50  ppb  were  traced  by  the  present  cyclodextrin  sol-gel  microsensors. 
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Figure  1.  The  cyclodextrin-coated,  surface-acoustic- wave-based  sensor  responds  to  1  -minute-wide  acetone  pulses  at  the 
particular  concentrations  shown.  Tlie  film  was  prepared  from  P-cyclodextrin  with  14  equivalent  amount  of 
isocyanatopropyltriethoxysilane  on  both  primary  and  secondary  sides. 


ACT  BEN  TOL  PCE  CLF 

Figure  2.  The  bars  represent  the  distinct  responses  (frequency  shifts  in  Hz)  of  5  volatile  [Acetone(ACT),  Benzene  (BEN), 
Toluene  (TOL),  Perchloroethylene  (PCE),  and  Chloroform  (CLF)]  organic  compounds  to  3  different  host  monolayers 
(from  left  to  right,  sensing  layer  consists  of  host  compound  1,  2,  or  3). 


Sensor  selectivity  depends  on  optimum  chemical  or  physical  interactions  between  the  analyte  and  the  sensing  layer  such 
as  mutual  matching  of  polarity,  size,  and  structural  properties.  The  cyclodextrin  monolayers  show  appreciable  selectivities 
within  a  group  of  organic  template  analytes  chosen  for  their  variety  of  structures  and  polarities  to  probe  the  cavities  of  the  host 
compounds  (Figure  2).  The  observed  selectivities  are  expected,  as  the  inclusion  complexes  of  phenyl  units  into  a- 
cyclodextrin  and  the  optimum  fit  of  perchloroethylene  into  p-cyclodextrins  are  well-documented  by  UV-vis,*  NMR,^  and  X- 
ray  crystallography  ia  the  literature.  The  sensor  each  shows  a  distinct  set  of  relative  responses  among  a  group  of  analytes, 
attributable  to  inherently  different  local  host  chemical  environments.  Conversely,  a  judicious  assortment  of  sensing  layers  in 
an  array  of  microsensors  can  be  used  to  provide  a  unique  characteristic  pattern  of  responses  for  each  compound.  For  instance, 
the  response  of  chloroform  as  illustrated  in  Figure  2  to  an  array  of  microsensors  coated  with  monolayers  of  host  1, 2,  and  3  is 
a  sharp  peak.  The  same  sensor  array  responds  to  toluene  with  a  "doublet,"  and  each  compound  has  its  own  characteristic 


260 


response  to  this  sensor  array.  VOCs  which  closely  resemble  each  other,  for  instance,  benzene  and  toluene,  yield  similar 
patterns. 


4.  CONCLUSION 

To  summarize,  we  have  successfully  synthesized  cyclodextrin-based  monolayers  and  sol-gel  films  which  were  shown 
to  have  ppm-ppb  sensitivity  to  targeted  organic  analytes.  Pattern  recognition  with  an  array  of  microsensors  appears  to  be  a 
feasible  approach  for  identifying  a  particular  VOC. 


ACKNOWLEDGMENTS 

This  work  was  performed  under  the  auspices  of  the  DOE.  The  authors  acknowledge  the  support  of  Technology  Transfer 
Program  (TTP  #  AL131006)  through  the  Office  of  Technology  Development  (OTD). 

REFERENCES  AND  NOTES 

1.  (a)  F.  W.  Cornell:  Proc.  Natl.  Symp.  on  Measuring  and  Interpreting  VOCs  is  Soil:  State  of  the  Art  and  Research 
Needs,  Las  Vegas,  NV,  Environmental  Liability  Management,  Inc.,  Princeton,  NJ  (1993). 

(b)  A.  D.  Henricks,  D.  E.  Grant,77!e  Cost  Effectiveness  of  Field  Screening  for  VOCs,  Emerging  Technology 
Symposium,  Los  Alamos  National  Laboratory,  Los  Alamos,  NM  (1993). 

2.  (a)  L.  W.  Moore,  K.  N.  Springer,  J.-X.  Shi,  X.  Yang,  B.  I.  Swanson,  D.  Li,  Adv.  Mater.  7,  729-731  (1995). 

(b)  D.  Li,  B.  I.  Swanson,  Langmiur,  9(12),  3341-3344  (1993). 

(c)  D.  Li,  M.  A.  Ratner,  T.  J.  Marks,  C.  Zhang,  J.  Yang,  G.  K.  Wang,  J.  Am.  Chem.  Soc.,  112,  7389-90  (1990). 

3 .  All  host  compounds  (1-3)  have  hydroxyl  functional  groups  only  at  the  bottom  rim  and  Aerefore  these  hosts  can  only 
align  upward. 

4  F.  L.  Dickert,  P.  A.  Bauer,  Adv.  Mater.,  3,  436  (1991). 

5.  (a)  J.  Boger,  R.  J.  Corcoran,  J.  M.  Lehn,  Helvetica  Chimica  Acta ,  61,  2190  (1978). 

(b)  K.  Takeo,  K.  Uemura,  H.  Mitoh,  J.  Carbohydrate  Chem.,  7(2),  293.  (1988). 

(c)  C.  D.  Gutsche,  L.  G.  Lin,  Tetrahedron,  42,  1633  (1986). 

6.  (a)  C.  Campbell:  Surface  Acoustic  Wave  Devices  and  Their  Signal  Processing  Applications',  Academic  Press,  Boston, 
1989. 

(b)  M.  Feldmann,  J.  YLenzitSurface  Acoustic  Wave  for  Signal  Processing',  Artech  House,  Boston  (1989) 

(c)  J.  W.  Grate,  A.  Snow,  D.  S.  Ballantine  Jr.,  H.  Wohltjen,  M.  H.  Abr^am,  R.  A.  McGill,  P.  Sasson,  Anal.  Chem., 
60(17),  869-75  (1988). 

(d)  Grate,  J.  W.;  Klusty,  M.  Anal.  Chem.,  63(17),  1719-27  (1991). 

7.  (a)  J.  W.  Grate,  M.  Klusty,  R.  A.  McGill,  M.  H.  Abraham,  G.  Whiting,  J.  Andonian-Haftvan,  Anal.  Chem.  64,  610 
(1992). 

(b)  R.  Anderson,  G.  L.  Larson,  C.  Smith  (Ed.):  Huls  Silicon  Compounds:  Register  and  Review',  Huls  America  Inc: 
Piscataway,  NJ,  1991,  pp.  93. 

8.  F.  Cramer,  H.-Ch.  Spatz,  J.  Am.  Chem.  Soc.,  89,  14  (1967). 

9.  M.  Teiichi,  H.  Ka2Uiaki,  M.  Satoshi,  Chem.  Express,  4,  645-8  (1989). 

10.  K.  Harata,  Bull.  Chem.  Soc.  Jpn.,  48,  2049  (1975). 


261 


262 


SESSION  7 


Poster  Session 


Electrical  resistivity  of  smart  composites  with 
electromechanical  coupling 

Xiangdong  CHEN,Daben  YANG,Yadong  JIANG,Zhiming  WU, 

Shaohong  WANG,Dan  LI 

Department  of  Materials  Science  and  Engineering, 

University  of  Electronic  Science  and  Technology 
Chengdu  610054,  China 

ABSTRACT 

This  paper  describes  the  effect  of  electromechanical  phase  on  electrical  resistivity  of  a  composite 
consisting  of  magnetostrictive  phase,  conductive  phase  and  insulating  phase.  It  is  found  that  the 
resistance  of  three-phase  composite  increases  with  increase  of  applied  magnetic  field  beyond  a  certain 
val'ie  ot  magnetic  field.  This  resistivity  vs.  magnetic  field  characteric  seems  to  be  a  novel 
magnetoresistance  effect,  which  is  different  from  the  conventional  magnetoresistors.  The  mechanism  of 
resistance  variation  of  three-phase  composite  with  applied  magnetic  field  is  analysed,  and  the  influence 
of  material  parameter  of  the  polymer  matrix  like  elastic  modulus  on  the  resistance  vs.  magnetic  field 
characterics  is  discussed. 

Keywords:  composites,  electrical  resistivity,  smart  materials 

1.  INSTRUCTION 

Recently,  the  field  of  "smart"  materials  has  progressed  remarkably  in  the  last  ten  years. Various  smart 
materials  may  sense  a  change  in  the  environment  and  make  a  useful  response.’  Electronic  materials  like 
varistors  and  thermistors  are  important  part  of  smart  materials,  which  are  also  called  as  smart  electronic 
materials.''  Polychromatic  percolation  and  product  properties  of  composite  materials  are  an  effective 
approach  to  develop  smart  electronic  materials. 

2.PRODUCT  PROPERTIES  AND  POLYCHROMATIC  PERCOLATION  OF 

COMPOSITE  MATERIALS 

The  sum  and  product  properties  of  composites  were  introduced  by  J.  Van  Suchtelen’  For  a  sum 
property,  the  composite  property  coefficient  depends  on  the  corresponding  coefiicients  of  its  constituent 
phases. 

Product  properties  are  more  complex  and  more  interesting  involving  different  properties  in  its 
constituent  phases  with  the  interactions  between  the  phases  often  causing  unexpected  results.  A  product 
property  utilizes  different  properties  in  the  two  phases  of  a  composite  to  produce  yet  a  third  property 
through  the  interaction  of  the  phases.  By  combining  different  properties  of  two  or  more  constituents, 
surprisingly  large  product  properties  are  sometimes  obtained  with  a  composite.  Indeed,  in  a  few  cases, 
product  properties  are  found  in  composites  which  are  entirely  absent  in  the  phases  making  up  the 
composite. 

Transport  by  percolation  through  two  or  more  materials  can  be  visualized  in  terms  of  colors.^  Black 
and  white  patterns  illustrate  percolation  in  a  diphasic  solid.  Three  kinds  of  percolation  are  possible  :  (I) 
percolation  through  an  all-white  path,  (ii)  percolation  through  an  all-black  path,  and  (iii)  percolation 
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through  a  combined  black-white  path.  From  a  composite  point  of  view,  the  third  possibility  is  the  most 
interesting  because  it  offers  the  possibility  of  discovering  new  phenomena  that  are  not  present  in  either 
phase  individually.  Foremost  among  these  effects  are  the  interfacial  phenomena  that  arise  by  inserting  a 
thin  insulating  layer  between  particles  with  high  electrical  conductivity.  PTC  thermistors  and  boundary 
layer  capacitors  are  examples. 


Figure  1. 

Three-color  percolation  is  illustrated  in  Figure  1.  Seven  kinds  of  conduction  paths  are  possible:  three 
monocolor,  three  bicplor,  and  a  tricolor.  When  all  three  are  present  in  equal  amounts,  it  is  possible  that 
there  will  be  no  monocolor  transport.  In  this  case  bicolor  and  tricolor  paths  become  important. 
Monocolor  conduction  paths  become  increasingly  important  as  volume  fractions  become  unbalanced. 

3.  FUNDAMENTALS  OF  RESISTIVITIES  OF  CONDUCTIVE  COMPOSITES 


The  properties  of  composite  systems  are  understood  in  terms  of  percolation  phenomena;^  ®’  when  a 
sufficient  amount  of  conductive  filler  is  loaded  into  an  insulating  polymer  matrix,  the  composite 
transforms  from  an  insulator  to  a  conductor,  the  result  of  continuous  linkages  of  filler  particles.  This  is 
shown  graphically  in  Fig.  2;’°  as  the  volume  fraction  of  filler  is  increased,  the  probability  of  continuity 
increases  until  the  critical  volume  fraction,  beyond  which  the  electrical  conductivity  is  high,  comparable 
to  the  filler  material. 


VOLUME  FRACTION  FILLER 


.  Figure  2.  Percolation  theory,  as  applied  to  conductive  composites. 
The  formation  of  the  first  complete  particle  linkage  results  in  a 
sharp  drop  in  resistivity  at  Vc. 
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Effective-media  theories  attempt  to  quantify  the  resistance  of  these  systems.  When  speaking  of 
effective-media  approximations  in  electrically  conductive  composites,  a  continuous  linkage  of 
conductive  particles  is  often  thought  of  as  a  single  conductive  filament;  however,  this  is  not  accurate. 
Rather,  each  percolated  linkage  should  be  thought  of  as  a  series  of  resistors,  with  each  particle  and  eac 
particle-particle  contact  contributing  to  the  total  resistance  in  the  filament.  There  are  two  important 
contributions  to  the  particle-particle  contact  resistance;  constriction  resistance  and  tunneling  resistance. 

The  other  important  limitation  to  the  conductivity  of  two  spheres  is  the  resistance  associated  with 
any  insulating  film  which  be  completely  coating  each  filler  particle.  This  film  may  be  present  in 
thickness,  providing  an  insulating  layer  between  two  spheres.  According  to  classical  mechanics 
Bruggeman  asymmetric  effective  media  or  Hashing  coated-spheres  models),  this  would  result  in  a  high 
series  resistance,  but  this  is  not  the  case.  For  thin  films  on  the  order  of  100  A  or  less,  quantum- 
mechanical  tuimeling  can  occur,  resulting  in  lower  resistivities. 

The  physics  of  quantum-mechanical  tunneling  shows  that  the  relative  probability  that  an  electron 
will  "tunnel  through",  rather  than  surmount,  a  potential  bamer  is  proportional  to  the  work  function  o 
the  conductor,  the  thickness  of  the  film,  and  the  relative  dielectric  permittivify  of  the  film.  The 
surprising  result  is  that  the  resistivity  of  the  film  is  not  a  factor  in  tunneling,  so  that  organic,  jKilymers, 
and  oxides,  most  with  similar  work  functions  and  permittivities,  will  have  similar  tunneling  resistivities 
for  similar  film  thicknesses. 

The  dependence  of  tunneling  resistivity  on  the  insulating  film  thickness  has  been  derived 
mathematically,  Dietrich*®  pioneered  the  work  on  this  problem,  and  presented  a  general  tunneling  curve 
(based  on  TiOj  film  on  Ti),  empirically  derived  but  thought  to  be  approximately  applicable  to  all 

materialsfsee  Figure  3). 

Conventional  magnetoresistors  are  usually  prepared  from  semiconductors  such  as  indium  antimonide. 
Further,  those  magnetoresistors  need  special  fabrication  techniques  like  unidirectional  solidfication  of 
eutectics  or  realisation  of  semiconductor  films  or  crystals  with  specific  geometry.  There  is  a  need  to 
develop  magnetoresistors  which  can  be  realised  with  simpler  technology.  Polychromatic  percolaton  and 
product  properties  of  composites  suggest  that  magnetoresistance  effect  can  be  realised  with  by  proper 
coupling  of  interactions  in  a  multiphase  composite  material.  This  paper  reports  the  attempts  made  to 
develop  a  novel  magnetoresistor  using  electromechanical  coupling  effect. 


Figure  3.  Tunnel  resistivity  for  thin  films  of  Ti02  on  Ti  as  a  function 
of  film  thickness. 


graphite  particles 


Figure  4.  Cross  section  of  the  sample 

4.  SAMPLE  PREPARATION 

The  cross  section  of  0-3  composite  structure  is  shown  in  Figure  4.  Co^Fe^O^  ferrite  and  graphite 
particles  are  dispersed  in  a  rubber  solution.  The  mixture  is  then  air  dried  and  vulcanized  at  about  120 
for  three  hours.  Samples  are  cut  to  suitable  dimensions  from  larger  sheets.  Electrodes  are  realised  by 
covering  the  lateral  faces  of  the  sheets  with  silver  paint.  Their  thickness  is  about  2  mm.  The  samples 
with  different  compositions  have  been  prepared.  In  the  similar  way,  epoxy  resin  based  composite 
samples  loaded  with  Co  Fe  0,  and  graphite  particles  have  been  formed. 

X  y  4 

5.  RESULTS  AND  DISCUSSION 


B(  T) 


Figure  5.  Measured  variation  of  resistance  of  rubber  based  composites  with  magnetic  field, 
sample  1:  Vg  =0.14,  Vj  =0.26,  \\  =0.60 
sample  2;  Vg=0.18,  Vf=0.22,  Vf=0.60 

where  Vg  is  the  volume  fraction  of  graphite,  Vj  is  the  volume  fraction  of  magnetostrictive  ferrite , 

Vj  is  the  volume  fraction  of  rubber. 

The  R-B  characteristics  of  rubber  based  composites  have  been  measured.  Figure  5.  shows  the  resistivity 
vs.  magnetic  field  characterics  of  0-3  rubber  based  composite.  From  this  figure,  the  change  in  resistance 
of  the  sample  is  small  at  low  field.  At  higher  field,  the  change  in  resistance  increases  with  magnetic 
field  and  tends  finally  to  saterate.  It  is  seen  from  this  figure  that  the  magnetic  field  coefficient  of 
resistance  depends  on  the  composition  of  the  sample.  This  R-B  characteristics  of  three-phase  composite 


is  caused  by  product  property  of  three-phase  composite. 

The  steady-state  for  the  resistivity  minima  of  composites  is  based  on  the  notion  that  the  composite  is 
the  result  of  a  series  of  a  large  number  of  resistors  combined  in  series  and  parallel.  There  are  three 
separate  contributions  to  the  resistance:  constriction  resistance  at  the  contacts,  tunneling  resistance  at  the 
contacts,  and  the  intrinsic  filler  resistance  through  each  particle.  Tunneling  resistance  generally 
dominates  the  magnitude  of  the  overall  resistance. 

Electrical  conduction  of  composite  is  controlled  by  an  electron  emission  process  between  adjacent 
conducting  particles  across  the  thin  film  of  rubber  separating  them.  This  electron  emission  process  is 
determined  by  the  electrical  field  across  the  rubber  film.  The  electrical  field  is  related  to  two  factors,  the 
applied  voltages  and  the  gaps  between  the  conducting  particles. 

At  low  field,  the  strain  of  magnetostrictive  phase  may  be  negligible,  the  change  in  gap  between 
graphite  particles  is  small,  thereby  the  resistance  of  0-3  composite  hardly  change  initially  with  increase 
of  magnetic  field.  However,  at  higher  field,  electromechanical  properties  of  magnetostrictive  ferrite 
particles  begin  to  affect  electrical  resistance  of  0-3  composite.  In  fact,  0-3  composite  with 
electromechanical  coupling  is  a  passively  smart  structine  at  high  field;  the  magnetostrictive  partcles 
sense  a  field  to  create  a  strain  and  passes  this  strain  to  the  film  between  conducting  particles,  leading  to 
an  increase  in  thickness  of  the  gap  between  the  conducting  particles,  tending  to  give  rise  to  a  decrease  in 
conduction.  When  the  influence  of  magnetostrictive  phase  on  electron  emission  process  dominates 
beyond  a  certain  value  of  field,  the  resistance  of  composite  begins  to  increase  with  magnetic  field  and 
exhibits  a  positive  magnetic  field  coefficient. 


Figure  6.  Measured  variation  of  resistance  of  epoxy  resin  based  samples  with  magnetic  field, 
short  dot  line:  v^  =0.16,  Vf  =0.26.  v,  =0.58 
solid  line:  v^  =0.19,  Vf=0.22,  \,,=0.59 

where  v^  is  the  volume  fraction  of  graphite,  Vf  is  the  volume  fraction  of  magnetostrictive  ferrite  , 

Vj  is  the  volume  fraction  of  epoKy  resin. 

Figure  6.  shows  the  resistivity  vs.  magnetic  field  characterics  of  epoxy  resin  based  composites.  In  this 
figure,  the  resistance  of  epoxy  resin  based  composite  hardly  change  with  magnetic  field.  An  expected 
positive  magnetic  field  coefficient  of  resistance  has  not  been  found  in  epoxy  resin  based  samples.  This 
shows  that  the  resistance  vs.  magnetic  field  characterics  of  ihree-phase  composites  are  related  to  a 
parameter  of  polymer  material  used  as  the  matrix. 

If  the  cross  section  area  of  the  tunnel  is  known,  a  tunneling  resistance  may  be  expressed  as 


Rt=  P,t 


(1) 


where  p  ^  is  the  tunneling  resistivity,  t  is  the  thickness  of  the  insulating  film  between  adjacent 
conducting  particles,  which  can  be  expressed  as 

t  =  to+At  (2) 

where  t,,  is  the  thickness  of  polymer  film  between  two  adjacent  conducting  particles  in  the  absence  of 
applied  magnetic  field  and  At  is  the  increase  in  thickness  of  the  polymer  film  caused  by  the 
magnetostrictive  effect  of  ferrite  particles.  This  increase  in  thickness  must  be  a  function  of  the  applied 
pressure  on  the  polymer  gap  between  adjacent  conducting  particles  due  to  magnetostrictive  strain  and 
the  deformation  that  occurs  as  a  result  of  this  applied  pressure,  hence,  it  is  proportional  to  this  stress,  so 

AX=a,IE  (3) 

where  cJ;  is  the  applied  pressure  on  the  polymer  gap  between  adjacent  conducting  particles  due  to 
magnetostrictive  strain,  E  is  the  elastic  modulus  of  the  polymer  matrix. 

Substituting  Eq.  (2)  and  Eq.  (3)  into  Eq.  (1)  gives 

.AR,=  PtO,/£  (4) 

where  AR,  is  increase  of  resistance  caused  by  the  increase  in  thickness  of  the  polymer  gap  between 
conducting  particles. 

From  Eq.  (4),  it  is  seen  that  the  increase  of  resistance  is  inversely  proportional  to  the  elastic  modulus 
of  the  polymer  matrix  when  the  stress  O;  is  the  same.  This  is  why  the  change  in  resistance  of  epoxy 
resin  based  sample  is  always  small  with  applied  field.  The  elastic  modulus  of  epoxy  resin  is  much  larger 
than  rubber,  hence,  the  thickness  change  of  gap  between  two  adjacent  conducting  particles  in  epoxy 
resin  based  sample  due  to  magnetostrictive  coupling  is  too  small  to  result  in  a  noticeable  change  of 
resistance  of  composite. 


6.  CONCLUSION 

In  this  paper,  we  introduce  electromechanical  phase  into  the  study  of  smart  electronic  matpriaU  The 
results  show  that  it  is  possible  to  realize  a  novel  magnetoresistance  effect  using  electromechanical 
coupling,  which  is  different  from  conventional  semiconductor  magnetoresistors.  The  resistance  vs. 
magnetic  field  characterics  of  three-phase  composite  are  related  to  the  material  parameter  of  polymer 
matrix  like  elastic  modulus. 
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ABSTRACT 

A  novel  sensing  material  has  been  developed  for  constructing  a  sensor  of  solvent  vapours  using  chemical 
coupling  effect  of  composite,  which  is  different  from  conventional  electron-moving  chemiresistors  for 
use  as  gas  sensors.  The  composites  consisting  of  polymer  loaded  with  conductive  filler  near  the 
percolation  threshold  exhibit  sensitive  characters  comparable  to  that  of  conventional  semiconductor  gas 
sensor  but  can  be  realized  with  much  simpler  technology  and  operated  at  room  temperature.  This  sensor 
can  also  obtain  better  selectivity  by  choosing  different  polymer  matrix.  Theoretic  analysis  and 
experimental  results  show  sensitive  properties  of  composite  sensor  greatly  depend  on  composition  of 
composite  and  grain  size  of  conducting  particles.  In  general  resistance  variation  R/R^  in  the  presence  of 

vapor  is  more  for  higher  volume  fraction  of  filler  and  larger  grain  size  of  conducting  particles. 

Keywords;  gas  sensors,  composites,  electrical  resistivity 

1.  INTRODUCTION 

Increasing  concern  with  environmental  and  personal  protection  together  with  wide  spread  requirements 
for  more  accurate  process  control  has  been  created  a  need  for  new  or  improved  sensors  for  measuring 
both  physical  and  chemical  parameters.  This  need  for  better  sensors  is  strongly  influenced  by  the 
increasing  use  of  intelligent  microelectronics  for  monitoring  and  control. 

The  sensing  effect  of  conventional  chemiresistors  used  as  gas  sensor  is  due  to  electron  density  moving 
between  the  sensitive  film  and  the  vapor  and  the  relative  magnitude  of  the  electronegativity  of  the  vapor 
and  the  work  function  of  the  sensitive  film  determines  properties  of  sensors.  Sensitive  materials  for  these 
sensors  aie  usually  a  metal  oxide  such  as  SnOj  or  ZnO.  However,  current  designs  that  are  based  mainly 
on  SnOj,  suffer  from  certain  shortcomings  that  militate  against  their  wider  application.  Prominent 
among  these  are  their  relative  lack  of  selectivity  to  toxic  gases  and  vapors.  Another  serious  disadvantage 
is  the  requirement  in  most  applications  for  operation  at  300  or  above.  The  development  of  gas- 
sensitive  materials  which  could  be  sensitive  to  a  wider  range  of  gases  and  particularly  to  toxic  gases  and 
vapors,  which  could  show  significant  selectivity  and  could  be  also  could  operate  closer  to  ambient 
temperature  would  permit  consideration  of  this  type  of  device  for  a  much  wider  range  of  applications 
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than  is  Satisfied  at  present.'"^ 

J.  Van  Suchtelen  proposed  that  a  new  physical  property  could  be  realized  by  product  properties  of 
composite,  in  which  the  phases  or  submaterials  of  the  composite  are  selected  in  such  a  way  that  an  effect 
in  one  of  the  phases  or  submaterials  leads  to  a  second  effect  in  the  other  phase.^  The  transfer  can  be 
brought  about  by  coupling  mechanisms  of  several  kinds.  Electrical,  optical,  magnetic,  thermal  and 
chemical  coupling  all  is  possible.  A  typical  example  is  to  realize  a  polymer  based  PTC  therrmster  with  a 
positive  voltage  coefficient  of  resistance  using  thermal  coupling. 

In  this  paper  we  describe  results  on  a  composite  gas  sensor  with  chemical  coupling  which  show  some 
promise  for  the  detection  of  toxic  gases  at  room  temperature. 


2.  STRUCTURE  AND  FABRICATION  OF  SENSORS 

The  sensor  studied  is  a  composite  film  deposited  on  a  substrate  with  electrodes.  The  resistor  is  prepared 
by  screen-printing  a  thick  film  paste  consisting  of  PMMA  solution  and  graphite  powder.  The  resistor  is 
a  composite  film  of  thickness  o.o25cm.  The  resistor  is  rectangular  in  shape  with  length  1.0cm  and  width 
0.5cm.  Various  resistors  have  been  printed  using  pastes  containing  graphite  powder  of  different  grain 
sizes  and  compositions.  Electrodes  of  evaporated  copper  are  deposited  on  one  side  of  the  composite  film 
only,  with  a  narrow  gap  separating  them.  The  structure  of  the  device  is  shown  in  Fig.  1. 

composite  film  electrodes 


substrate 

Figure  1.  Cross  section  of  the  stracture  of  the  sensor. 


3.  MEASUREMENTS 

As  a  vapor  penetrates  the  composite  film,  the  conduction  path  changes  and  bulk  resistance  is  measured. 
Resistance  measurements  (d.c.)  are  taken  as  a  function  of  exposure  time  for  the  sensor  samples.  For 
measurements  in  solvent  vapor,  the  samples  are  electrically  connected  to  a  digital  multimeter  and 
suspended  in  a  sealed  10ml  glass  botUe  with  2ml  of  CHClj  or  CH^Clj  solvent  to  provide  sufficient  vapor 

pressure.  Resistance  readings  are  taken  manually  and  normalized  against  the  initial  resistances.  Thus  all 
data  are  in  the  form  of  resistance  ratios  R/Rq,  where  R„  is  the  initial  resistance  of  the  sensor. 

4.  RESULTS  AND  DISCUSSIONS 
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The  order  of  magnitude  of  resistance  of  the  composite  film  depends  upon  the  volume  fraction  of  graphite. 
It  is  typically  about  200k  for  a  volume  fraction  of  0.25  and  about  6k  at  a  volume  fraction  of  0.30.  It 
has  been  found  that  the  variation  of  resistance  with  time  t  in  the  presence  of  vapor.  Typical  variations  of 
resistance  with  time  t  are  shown  in  Fig.  2.  From  this  figure,  it  is  found  that  the  electrical  resistance  of 
the  composite  film  always  increases  in  the  presence  of  vapor.  Percolation  theory  is  proposed  to  explain 
this  positive  coefficient  of  resistance  in  the  presence  of  vapor  with  time  t. 

The  resistivity  characteristics  of  such  a  system  can  be  described  by  percolation  theory  (see  Fig.  3),  in 
which  conductive  filler  particles  are  surrounded  by  a  polymer  matrix.^"®  At  low  volume  fraction  of 
conductor,  the  electrical  resistance  of  the  composite  is  high  (region  A),  i.e.,  dominated  by  the  polymer, 
and  approaches  the  bulk  resistivity  of  the  polymer.  As  more  filler  is  loaded  into  the  composite,  the 
resistivity  decreases  steadily  until  a  critical  volume  fraction  is  reached  (region  B).  This  volume  fraction 
is  known  as  the  percolation  threshold,  and  marks  the  formation  of  the  first 


continuous  conducting  filament  of  particle-particle  contacts.  The  resistance  then  drops  sharp  with  a 
small  increase  in  filler  volume  fraction.  Once  loaded  to  the  conduction  limit  (region  C),  additional  filler 
will  have  a  much  less  dramatic  effect  on  the  resistivity.  At  high  volume  fractions  of  conductor,  the 
electrical  resistance  of  the  composite  is  relatively  low,  dominated  by  the  filler,  and  approaches  the  bulk 
resistivity  of  the  pure  filler. 

From  percolation  theory  of  conductive  composite,  the  resistance  of  composite  will  increase  if  percolation 
paths  of  conductive  particles  are  broken  by  certain  physical  or  chemical  coupling.  Swelling  may  be  such 
a  coupling.  In  part  I  (see  Fig.  2),  the  evaporation  of  liquid  solvent,  the  changes  in  resistance  are  slow;  in 
part  II,  the  vapor  is  absorbed  into  the  composite  film,  the  vapor  causes  swelling  of  polymer  matrix,  so 
the  volumetric  concentration  of  the  conductor  phase  decreases,  a  few  or  many  of  the  conducting  paths 
formed  between  the  conductor  particles  are  broken  (see  Fig.  4), 


Figure  3.  Dependence  of  resistivity  of  composites  on  the  volume  fraction  of  conductor  filler. 


it  causes  a  decrease  in  conductivity  of  the  sample,  the  resistance  reaches  the  largest  value  in  a  short  time; 
in  part  III,  the  stabilization  of  sample  resistivity  occurs. 


polymer  matrix 


in  the  presence 


conductor  particles 


unswollen  swollen 

Figure  4.  Schematic  of  composite  sensor  response 


The  result  in  Fig.  2  is  obtained  at  room  temperature.  This  shows  that  this  composite  sensor  can  be 
operated  at  room  temperature  but  has  sensitive  characterics  comparable  to  that  of  conventional 
semiconductor  gas  sensor,  and  this  sensor  can  be  realized  with  much  simple  technology  and  obtain 
better  selectivity  by  choosing  different  polymer  matrix. 

Figure  5  shows  resistance  variation  dependence  for  different  values  of  volume  fraction  of  filler,  it  is 
found  resistance  ratios  varied  greaUy  for  different  systems.  In  general  the  increase  in  resistance  is  more 
for  higher  values  of  higher  volume  fraction  of  graphite.  However,  presence  of  vapor  can  hardly  cause  an 
obvious  change  in  the  resistance  of  composite  film  when  volume  fraction  of  filler  is  beyond  certain  value. 
This  dependence  of  resistance  variation  of  sensor  on  volume  fraction  of  filler  may  be  determined  by 
properties  of  tunneling  resistivity  betw  een  conductor  particles. 
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Figure  5.  Time-dependent  sensor  response  for  different  values  of  volume  fraction  of  graphite: 

Sample  1:  0.20,  Sample  2:  0.25,  Sample  3:  0.30,  Sample  4:  0.50 

The  steady-state  model  for  the  resistivity  minima  of  composite  is  based  on  the  notion  that  the 
composites  the  result  of  a  series  of  a  large  number  of  resistors  combined  in  series  and  parallel.  There  are 
three  contributions  to  the  resistance:  constriction  resistance  at  the  contacts,  tunneling  resistance  at  the 
contacts,  and  the  intrinsic  filler  resistance  through  each  particle.  Tunneling  resistance  generally 
dominates  the  magnitude  of  the  overall  resistance.’  Therefore,  the  resistance  of  the  insulating  gaps 
between  the  conducting  particles  decides  the  total  resistance  of  film. 

It  is  assumed  that  the  change  L  (increase)  in  length  of  the  thick  film  resistor  along  electric  field 
caused  by  swelling  effect  is  given  by 

L  =  S{t)L  (1) 


where  S(t)  is  the  swelling  coefficient  of  polymer  matrix  in  vapor,  which  is  a  function  of  time  t,  and  L  is 
the  length  of  the  resistor  along  electrical  field. 

This  increase  in  length  of  the  film  due  to  swelling  effect  leads  to  an  increase  in  the  thickness  of  the 
insulating  film  separating  adjacent  graphite  particles.  If  there  are  contacts  between  graphite  particles 
along  the  length,  then 


N 


0  — 


L 

(p+d^) 


(2) 


where  D  is  the  diameter  of  the  graphite  particle  and  is  the  thickness  of  the  insulating  film  between 


adjacent  particles  in  the  absence  of  vapors. 

The  thickness  of  the  insulating  gap  in  the  presence  of  the  vapor  can  be  expressed  as 


d  —  do  + 


L 

No 


(3) 


When  swelling  effect  results  in  an  increase  in  thickness  of  the  insulating  gap,  the  electric  field  across 
the  thin  polymer  film  between  adjacent  conducting  particles  becomes 


(V/N,)  V 
d  N,d,+S(t)L 


(4) 


Assuming  that  the  current  flow  between  the  conductor  particles  through  the  polymer  gap  is  by  field 
emission,  the  resistance  of  one  gap  between  conductor  particles  can  be  obtained  through  the  Fowler- 

Nordheim  equation  as 


D  (V/L)(D+do)  (5) 

'  aAE'^  expi-b  /  E') 

where  a  is  the  cross  sectional  area  for  current  flow,  A  and  b  are  constants  in  the  Flower-Nordheim 
equation.  The  total  resistance  of  the  thick  film  R,  considering  the  number  of  the  contacts  along  the 
thickness  and  width,  is  given  by 


(6) 


where  W  is  the  width  of  the  film  and  h  is  the  thickness.  From  (5)  and  (6),  R  can  be  expressed  as 


(D  +  dY  2  ib\_NQd^+Sit)L\ 

oAhWV  ' 


=  i?o[l  + 


S(t)L 

L-N,D 


f  exp 


bS(t)L 

V 


(7) 
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From  this  equation,  we  can  see  that  resistance  variation  R/Rq  in  presence  of  vapor  increases  with 
increasing  of  Nq  and  Nq  is  proportional  to  volume  fration  of  filler,  therefore,  resistance  variation  R/Rq  is 
more  for  higher  values  of  volume  fraction  of  filler.  However,  this  equation  is  only  suitable  to  B  region. 
When  volume  fraction  of  filler  is  in  C  region,  (see  Figure  3),  the  electrical  resistance  is  very  low, 
approaches  the  bulk  resistivity  of  the  pure  filler,  volume  change  due  to  swelling  is  too  to  cause  an 
obvious  resistance  variation. 

Figure  6  shows  resistance  variation  dependence  for  different  values  of  grain  size  of  conductive 
particles,  the  increase  in  resistance  is  also  more  for  higher  values  of  larger  grain  size  of  graphite 
particles.  This  result  can  also  be  obtained  from  Eq.  7. 


Figure  6.  Time-dependent  sensor  response  for  different  values  of  grain  size  of  graphite  particles; 
Sample  1:  40^m,  Sample  2:  60^  m.  Sample  3:  90^m 


Substituting  Eq.  (2)  into  Eq.  (5)  and  Eq.  (7)  gives 


(VIL)(D  +  do) 
do  -t-  iS'(f)(i5  +  r/o) 


oAhWV 


[r/g  +  exp{ 


b[d^  -H5(f)(Z)  +  r/Q)3 

(yiL\D  +  d,) 


} 


(9) 


=  ;!„[l  +  5(0(^  +  l)l'exp^^ 

The  insulating  gap  of  adjacent  conducting  particles  decreases  with  increasing  of  grain  size  D  of 
conducting  particles  when  volume  fraction  of  filler  is  the  same,  therefore,  D/dQ  increases  with  increasing 
of  grain  size  D,  and  R/R^  is  more  for  larger  diameter  of  conductive  particles. 

5.  CONCLUSIONS 

The  PMMA-graphite  composite  film  with  chemical  coupling  is  a  good  sensing  material  for  constructing 
a  detector  of  CHCI3  and  CH2CI3  vapours  It  exhibits  sensitive  characterics  comparable  to  that  of 

conventional  semiconductor  gas  sensor  based  on  electron-moving  chemiresistor  but  can  be  realized  with 
much  simpler  technology  and  operated  at  room  temperature.  This  sensor  can  obtain  better  selectivity  by 
choosing  different  polymer  matrix.  Theoretic  analysis  and  experimental  results  have  shown  that 
sensitive  properties  of  composite  sensor  greatly  depend  on  composition  of  composite  and  grain  size  of 
conducting  particles.  Resistance  variation  R/Rq  in  the  presence  of  vapor  is  more  for  higher  volume 

fraction  of  tiller  and  larger  grain  size  of  conducting  particles. 
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ABSTRACT 

Structure-sensitive  materials,  or  the  so-called  "smart  materials",  which  change  their  properties  under  the  action  of  external 
fields  (e.g.  electric,  light  or  temperature  field)  can  find  a  wide  use  in  various  industrial  applications  as  sensors,  measuring  elements  of 
various  types,  radiation  detectors,  membranes,  etc.  In  this  connection,  we  have  examined  the  conditions  of  formation  of 
electrosensitive  films  based  on  copolymers  of  vinyledene  fluoride  (VDF)  with  tri-  and  tetrafluoroethylene.  The  films  have  been 
prepared  from  solutions  in  organic  solvents  (acetone,  dimethyl  sulfoxide  (DMCO),  dimethyl  formamide  (DMFA)  and  ethyl  acetate). 
Based  on  the  results  of  investigations  of  the  temperature  dependencies  of  the  dielectric  permittivity,  surface  charge  density  and  tangent 
of  dielectric  losses,  we  have  evaluated  the  effect  of  film  formation  conditions  and  a  copolymer  type  on  the  molecular  mobility, 
formation  of  electrets  and  charge  relaxation  in  the  temperature  range  20-200  “C. 

It  has  been  concluded  that  in  the  non-orientated  films  there  exists  a  relationship  between  the  charge  relaxation  and  the 
molecular  mobility  of  the  C-F  dipoles  in  amorphous  and  crystalline  regions  of  the  polymer  matrix.  At  the  same  time,  the  charge 
relaxation  in  orientated  materials  occurs  in  the  crystalline  regions  of  the  polymer  matrix.  The  optimal  conditions  have  been  specified 
for  the  production  of  such  materials  from  solutions  in  organic  solvents. 

Keywords:  electrosensitive  films, 


INTRODUCTION 

In  literature  some  polymer  materials  are  known  that  respond  to  an  electric  field.  Those  are  cellulose  derivatives,  in  particular, 
monocarboxycellulose',  polymethylgluconate,  polycaprolactam,  polyvinyl  fluoride,  polycarbonate^  polyacrylonitrile^  polymthyl 
methacrylate'*.  In  the  presence  of  an  electric  field  of  sufficient  intensity  these  polymers  undergo  polarization  transformations  that  occur 
both  in  kinetic  links  and  in  macromolecule  as  a  whole.  This  makes  it  possible  in  the  presence  of  an  electric  field  to  form  ordered  or 
modified,  due  to  the  electric  field,  structures  of  a  number  of  polymers.  Some  polarization  changes  remain  until  a  polymer  is  exposed  to 
an  electric  field.  It  is  a  known  fact,  however,  that  in  some  solid-state  polymers  at  temperatures  substantially  lower  than  their 
vitrification  temperature  some  portion  of  acquired  polarization  still  remains  long  after  deenergizing  the  field^'^.  It  is  stated  that  an 
electric  field  causes  formation  of  electroinduced  polar  structures,  changes  a  degree  of  crystallinity  which  is  accompanied  by  ordering 
of  polymer  macromolecules  or  vise  versa  -  disorientation  processes. 

In  literature  much  attention  is  given  to  the  electric  effect  exercised  by  polyvinyledene  fluoride.  Prehistory  of  investigations  of 
an  influence  of  the  electric  field  on  a  polymer  structure,  of  passing  from  measurement  of  piezo-,  pyroelectric,  mechanical  properties  to 
investigation  of  a  polymer  structure  and  its  change  in  the  presence  of  an  electric  field  by  an  X-ray  method  and  IR-spectroscopy  is  well 
traced.  The  interest  to  polyvinylidene  fluoride  owes  to  the  discovery  in  1969  of  the  substantial  pyro-  and  piezo-electric  response  of  the 
films  exposed  to  an  electric  field*  ’.  It  is  reported  about  an  influence  of  the  electric  field  of  different  intensity  on  the  structure  and 
properties  of  polymer  fluoride.  Electrosensitivity  of  the  latter  is  related  with  a  change  of  its  lattice  in  the  presence  of  an  electric  field* 
formation  of  an  active  phase  with  a  define  layout  of  links  in  the  lattice.  Electrosensitive  films  find  applications  in  electronics, 
instrument  manufacture,  robotics,  acoustics,  medicine.  At  present  one  of  the  best  polymeric  films  is  polyvinyledene  fluoride  (PVDF). 
However,  along  with  its  good  quality,  the  PVDF  film  possesses  such  disadvantageous  features  as  the  complicated  polymer  synthesis 
and  a  low  degree  of  crystallinity.  Moreover,  the  orientation  process  yields  many  defects  which  deteriorates  piezocharacteristics. 
Therefore  we  face  the  necessity  of  developing  new  electrosensitive  films,  in  particular,  those  based  on  the  copolymers  of  vinyledene 
fluoride  whose  synthesis  is  an  easier  technological  process  and  their  electrophysical  properties  rank  on  a  par  with  the  polyfluoride 
films. 
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EXPERIMENTAL  RESULTS  AND  DISCUSSION 


In  investigations  we  used  the  films  of  vinyledene  fluoride  with  tri-  (I)  and  tetrafluoroethylene  (II)  copolymers,  which  were 
prepared  from  the  follovsdng  solvents:  ethylacetate,  dimethylformamide,  dimethylsulfoxide,  and  acetone.  The  films  were  obtained  by 
pouring  a  certain  volume  of  the  solution  of  the  prescribed  concentration  onto  a  glass  surface.  The  films  were  dried  in  air  with  use  of 
ethyl  acetate  and  acetone  and  then  subjected  to  final  drying  in  a  desiccator  at  50  °C.  When  dimethylsulfoxide  and  dimethylformamide 
were  used,  the  films  were  dried  in  a  desiccator  at  150  “C  till  complete  disappearance  of  the  solvent. 

A  film  structure  was  evaluated  by  a  relaxation  technigue  involoving  measurement  of  temperature  dependences  of  the  tangent  of 
dielectric  losses  (tg6)  as  well  as  by  the  method  of  X-ray  analysis  and  IR-spectroscopy.  Moreover,  we  also  determined  such 
electrophysical  properties  as  dielectric  permittivity  (a)  and  a  surface  charge  density  (Q/S)  after  polarizing  the  films  by  a  d.c.  electric 
field. 


In  measurements,  the  film  sample  was  pressed  between  two  metallic  electrodes  under  certain  loading  and  then  placed  into  a  cell 
where  it  was  subjected  to  heating.  To  measure  electrophysical  characteristics  of  the  polarized  samples,  prior  to  measurements  the  films 
were  polarized  for  1  h  by  a  d.c.  field  with  the  prescribed  electric  intensity  at  the  fixed  temperature  and  then  cooled  in  the  presence  of 
the  applied  field.  To  determine  structural  changes  in  the  presence  of  the  applied  field  and  change  relaxation,  we  measured  the 
temperature  dependencies  of  tg  5,  s,  and  Q/S. 

As  is  known,  the  PVDF  electrosensitivity  is  related  with  a  crystal-line  phase  of  the  polymer.  PVDF  crystallized  to  form  three 
crystalline  phases,  namely,  a,  P  h  y*“.  A  polymer  cooled  at  the  atmospheric  pressure  after  extrusion  from  a  melt  crystallizes  to  form  a 
crystalline  a-form  (spherulites  with  a  size  to  400  nm)  of  y-form  (finer  spherulites  sized  to  100  nm).  Spherolites  have  a  typical  star-like 
structure  having  both  crystalline  and  amorphous  region.  In  the  crystalline  a-form  links  of  the  molecules  are  arranged  in  the  sequence: 
trans-gosh-trans-gosh  (TGTG).  The  crystalline  structure  is  such  that  the  molecules  form  a  weakly  twisted  coil,  the  CF2  dipoles  are 
aligned  so  that  their  vectors  run  in  the  opposite  directions  and  total  polarization  in  the  crystalline  cell  is  close  to  zero.  The  dipole 
moment  of  the  link  in  -CF2-CF2-  in  the  zigzag  conformations  is  7x10'^®  C/m,  an  elementary  cell  consists  of  four  such  links  and  has  the 
dimension  0,966x0,496x0,464  nm.  A  great  dipole  moment  leads  to  the  substantial  energetic  interaction  with  an  applied  field.  In  the 
course  of  mechanical  oriented  stretching  the  initial  spherulite  structure  fails  and  yields  ordered  crystals  in  which  macromolecules  are 
aligned  in  the  direction  of  the  applied  mechanical  load.  If  such  deformation  occurs  at  elevated  temperatures  (140-150  °C),  the  initial 
TGTG  conformation  remains  unchanged  since  the  chains  freely  slip  relatively  each  other  and  the  crystalline  a-formis  preserved.  If 
deformations  occur  at  low  temperatures  (<  90  °),  then  in  the  course  of  stretching  the  macromolecules  become  elongated,  their 
conformation  becomes  more  prolonged  and  corresponds  to  the  crystalline  p-form.  A  size  of  the  monomer  link  increases  along  the 
chain  from  0,23 1  n.0  0,256  nm.  The  elementary  cell  of  the  P-form  is  orthorhombic,  the  dipole  moments  of  two  chains  in  the  elementary 
cell  are  aligned  parallel  to  the  major  chain. 

Such  an  extended  conformation  is  polar  since  the  dipoles  are  aligned  perpendicularly  to  the  macromolecule  axes.  The  PVDF 
film  prepared  from  a  solution  as  well  as  upon  slow  cooling  from  a  polymer  solution  has  the  crystalline  y-form^.  Polarization  of  the 
polymer  in  the  crystalline  a-form  in  the  presence  of  d.c.  electric  field  causes  partial  rearrangement  of  the  structure  and,  as  a  result, 
dipoles  turn  by  1 80  “.  This  is  the  ciystalline  polar-Op-form.  It  is  formed  during  polarization  in  the  field  with  E  equal  up  to  150  mV/m  in 
the  temperature  range  243  °C.  Polarization  in  the  fields  of  higher  intensity  (240-400  mV/m)  makes  the  structure  to  be  rearranged  from 
the  Op  to  P-form. 

IR-spectra  of  the  films  of  VDF  copolymers  formed  from  different  solvents  show  distinctly  the  absorption  bands  corresponding 
to  rocking  and  deformations  vibrations  of  the  CF2  links  (at  510,  480,  490  cm'').  According  to  literature  data"  the  bands  at  490,  530, 
610,  765,  975  cm"'  are  assigned  to  the  a-phase,  while  those  at  422,  510,  340  cm''-  to  the  P-phase.  Experimental  IR-spectroscopy  data 
indicate  that  percentage  of  the  a-  and  p-phases  essentially  depends  on  the  way  of  film  formation.  For  instance,  the  samples  of  VDF 
copolymers,  in  particular,  with  trifluoroethylene,  obtained  from  dimethylsulfoxide  display  the  bands  corresponding  to  the  a-phase, 
more  distinctly,  the  bands  of  the  dimethylformamide-based  films  are  weaked  and  for  the  acetone-based  films  this  series  (530,  610, 
765,  975  cm"')  is  not  manifested  itself  At  the  same  time  for  the  VDF  copolymers  obtained  from  dimethylformamide  the  absorption 
bands  at  510  and  840-850  cm''  typical  of  the  P-phase  are  more  pronounced. 

Fig.  la  shows  the  temperature  dependencies  of  tg  5  for  the  films  based  on  the  vinyledene  fluoride  -  trifluoroethylene  copolymer 
which  were  prepared  from  3%  copolymer  solutions  in  dimethylformamide,  dimethylsulfoxide,  acetone,  and  ethyl  acetate. 
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Fig.l.  Temperature 

dependences  of  tgS  for  the 
unpolarized  (a),  polarized  at 
the  temperature  of  80  “C  and 
E  =  8  V/pm  (b)  samples 
prepared  from  the  3% 
copolymer  solutions  in 

dimethylformamide, 
dimethylsulfoxide,  acetone, 
and  ethyl  acetate  (1-4)  as 
well  as  for  the  unpolarized 
samples  formed  from  the  3% 
VDF -trifluoroethy  lene 
copolymer,  solutions  in 

dimethylformamide  and 
subjected  to  mechanical 
orientation  (c),  (5  initial 
unoriented  sample;  6, 

2.0  60  400  relative  elongation  is  20%; 

„o»7,  relative  'elongation  is 
’’  ‘'30%). 
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All  the  samples  show  relaxation  transitions  in  the  temperature  ranges  40-50  °C  and  100-140  “C.  This  may  be  associated  with 
the  relaxation  transitions  in  the  amorphous  and  crystalline  regions  of  the  polymers  being  the  fragments  of  the  polymer  chain,  in 
particular,  C-F'^■'^  As  it  follows  from  Fig.  la,  the  molecular  mobility  depends  on  the  solvent  type  and  as  far  as  molecular  mobility 
enhances  the  solvents  are  arranged  in  the  following  sequence:  acetone,  dimethylformamide,  dimethylsulfoxide,  ethyl  acetate. 

Film  polarization  by  a  d.c.  field  or  mechanical  orientation  leads  to  degeneracy  of  the  relaxation  transition  in  the  range  40-50  “C 
and  a  shift  of  the  latter  towards  lower  temperatures  in  the  range  100-140  °C  (see  Fig.  lb). 


Fig.2.  X-ray  patterns  of  the  unpolarized  samples  prepared 
from  the  3%  copolymer  solutions  in  dimethyl-formamide 
(1)  and  ethyl  acetate  (2)  and  the  sample,  polarized  at  80  °C 
and  E  =  8  V/pm,  prepared  from  dimethylforma-mide  (3). 


This  is  indicative  of  formation  of  an  ordered  structure  which  is 
confirmed  by  the  results  of  X-ray  analysis  shown  in  Fig.  2  v^ere 
X-ray  patterns  of  the  unpolarized  films  and  those  polarized  by  a 
d.c.  field  formed  from  dimethylformamide  and  ethyl  acetate  are 
represented.  Fig.  3  shows  temperature-dependent  dielectric 
permittivity  for  the  polarized  and  unpolarized  copolymer  samples. 
Here,  the  dielectric  permittivity  is  at  its  maximum  in  the 
temperature  range  80-100  °C,  a  value  of  the  maximum  depends  on 
the  type  of  the  solvent.  Film  polarization  causes  an  ina-ease  in  e. 
The  presence  of  the  maximum  in  this  temperature  interval  is 


apparently  associated  with  polarization  of  the  C-F-dipoles  in  the  crystalline  region  of  the  polymer  matrix. 
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Fig.3.  Temperature 

dependences  of  e  for  the 
unpolarized  (a)  and  polarized 
at  80  “C  and  E  =  8  V/pm  (b) 
copolymer  samples  prepared 
from  the  3%  copolymer 
solutions  in  acetone, 
‘dimethylformamide, 
dimethylsulfoxide  and  ethyl 
acetate  (1-4). 


As  follows  from  Fig.  4,  the 
relaxation  maximum  for  the  VDF- 
tetrafluoroethylene  copolymer  is 
manifested  at  temperatures  higher 
than  100  °C  and  is,  apparently, 
associated  only  with  the  transition  in 
T,°Cthe  crystalline  phase  of  the 
copolymer.  The  dielectric 


permittivity  (e)  is  at  its  maximum  in  the  temperature  range  of  140-170  “C,  it  essentially  depends  on  a  solvent  type  and  decreases  in  the 


sequence  DMFA  >  acetone  >  DMSO. 


Fig.  4.  Temperature  dependences 


of  tg5  (a)  and  e  (b)  for  the 
polarized  samples  of  copolymer  1 
formed  from  DMSO  (1)  at 
T=100°C,  E  =  3,0  V/pm  and 
DMFA  (2)  at  T  =  80“C,  E  =  3,0 
V/pm. 


In  order  to  evaluate  an  influence 
of  an  electric  field,  we  measured  a 
surface  charge  density.  With 
polarization,  an  electret  ,  i.e.  a  material 
with  a  sufficiently  high  charge  density,  is 
formed  in  the  electric  field.  For  the 
investigated  material  based  on  the 
VDF-trifluoroethylene  copolymer, 

electret  formation  may  be  related  with 
structural  changes  in  the  amorphous  and 
crystalline  phases  upon  dipole 
orientation.  Fig.  5  a,  b  shows  the 


temperature  dependencies  (Q/S)  for  the  unpolarized  and  polarized  samples  formed  from  various  solvents.  It  is  seen  (Fig.  5)  that  the 
unpolarized  films  have  a  certain  charge  density,  its  value  depends  on  the  solvent  type.  It  is  interesting  that  the  investigated  films 
manifest  two  types  of  the  electret  property  carriers.  This  is  evidenced  by  the  presence  of  /Q/S/  maxima  in  two  temperature  intervals, 
namely,  40-60  "C  and  75-100  °C.  As  seen  from  Fig.  5,  on  polarization  the  position  of  the  relaxation  maxima  remains  unchanged  but 
the  charge  density  increases,  approximately,  by  two  orders  of  magnitude.  The  results  obtained  may  be  associated  with  the  orientation 
processes  in  the  field  of  C-F  dipoles  in  the  ordered  and  unordered  regions  of  the  polymer  matrix  the  polarization  of  which  and, 
correspondingly,  the  charge  relaxation  occur  in  different  temperature  intervals.  It  is  established  that  an  increase  in  the  electric  intensity 
from  4  to  17  V/mt  causes  an  increase  in  the  charge  density  both  in  low  and  high-temperature  regions.  An  increase  in  the  charge  density 
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is  also  achieved  by  rising  a  polarization  temperature  of  the  sample  from  20  to  80  °C.  In  this  case,  the  choice  of  a  maximuir 
temperature  depends  on  the  presence  of  a  maximum  of  the  dielectric  permittivity.  An  optimal  temperature  is  80  “C.  At  low  polarizatior 
temperatures  a  relaxation  maximum  is  not  observed  in  the  high-temperature  region. 

Fig.5.  Temperature 
dependences  of  the 
specific  charge  density 
/Q/S/  for  the  unpolarized 
(a)  and  polarized  at  80°C 
and  E=  8  V/pm  (b) 
samples  prepared  from 
the  3%  copolymer 
solutions  in 

dimethylsulfoxide, 
dimethy.lformamide,  ethyl 
acetate  and  acetone  (1-4) 
as  well  as  for  those 
prepared  from  the  3% 
copolymer  solutions  in 
dimethylfqrmamide 
polarized  at  80  °C  and 
E  =  8  V/pm  •  and 
preliminarily  subjected  to 
mechanical  orientation  (5, 
initial  unoriented  sample; 

2,  relative  elongation  of 
the  sample  is  20;  3, 
relative  elongation  is 
~  C  30%). 

To  clarify  an  effect  of  mechanical  actions  on  electret  properties  of  the  films,  the  latter  were  subjected  to  orientational  pulling. 
Relative  elongation  was  20-30%.  In  the  course  of  mechanical  orientational  pulling  the  initial  spherulitic  structure  undergoes 
destruction  followed  by  formation  of  ordered  crystallites  in  which  the  macromolecules  are  aligned  in  the  direction  of  the  applied 
mechanical  load.  Fig.  5c  shows  the  temperature  dependences  of  charge  relaxation  of  the  polarized  films  preliminarily  subjected  to 
mechanical  orientation.  As  it  follows  from  Fig.  Ic,  stretching  of  the  films  results  in  disappearance  of  the  relaxation  maviTnnm  in  the 
tg5  vs.  temperature  curve  in  the  range  40-50  “C.  In  this  case,  the  temperature  dependence  of  Q/S  for  the  polarized  samples 
preliminarily  subjected  to  mechanical  orientation  has  a  maximum  in  the  region  60-70  “C.  Relaxation  of  the  surface  charge  density  for 
polarized  samples  of  the  vinyledene  fluoride-trifluoroethylene  copolymer  are  manifested  in  the  temperature  range  of  80-100  “C. 

CONCLUSIONS 

1 .  The  results  obtained  allow  us  to  conclude  that  the  electrets  based  on  the  copolymer  I  may  be  formed  due  to  orientational  processes 

in  the  amorphous  and  crystalline  regions  and  those  based  on  the  copolymer  II  -  in  the  crystalline  region  of  the  polymer. 

2.  Formation  of  copolymers  from  solutions  of  various  solvents  (DMSO,  DMFA,  acetone,  etc.)  leads  to  the  formation  of  different 

crystalline  forms  that  possess  different  electrosensitivity. 

3.  Mechanical  orientation  prior  to  polarization  causes  ordering  of  the  amorphous  part  of  the  matrix  thus  ptihanring  the 

electrosensitivity  due  to  an  increase  of  the  concentration  of  C-F  dipoles  in  the  crystalline  region  which  affects  the  temperature 
interval  of  charge  relaxation. 

4.  The  processes  of  mechanical  orientation  and  polarization  in  the  electric  field  cause  similar  changes  in  the  structure  and 

electrophysical  properties  of  the  investigated  copolymers,  with  the  electret  stability  being  increased  at  temperatures  up  to 
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80-100  °C.  For  the  discussed  copolymers  the  optimal  electret  properties  can  be  achieved  by  way  of  polarization  in  an  electric  field 
without  additional  mechanical  orientation. 
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Abstract 

In  composites  reinforced  with  Shape  Memory  AUoy  (SMA)  wires,  SMA  wires  play  a  role  of  distributed  actuators  to  achieve 
adaptive  functions  while  in  service.  This  paper  presents  the  theoretical  study  on  the  thermo-mechanical  charfvteri  sties  of 
composites  reinforced  with  SMA  wires,  based  on  the  one-dimensional  constitutive  relation  of  SMA  Experiiriental  results 
derived  from  tension,  free  recovery  and  restrained  recovery  of  composites  reinforced  with  SMA  wires  are  presented  and 
compared  with  the  simulated  results. 

Keywords:  smart  composites,  reinforced  composites.  Shape  Memory  Alloy,  constitutive  relation, 
erqrerimental  analysis 


1.  Introduction 

Smart  composites  are  a  class  of  advanced  materials  which  combine  the  structure  characteristics  of  advanced  composites 
with  the  sense  and  actuation  capabilities  of  embedded  sensors  and  actuators.  These  smart  composites  can  respond  to  varying 
external  environments  or  internal  conditions  by  changing  their  properties  adaptively,  therefore,  they  are  able  to  keep  in  the 
best  or  better  state. 

Shape  Memory  Alloy  (SMA)  is  first  used  as  actuator  to  aeate  such  adaptivity  in  a  series  of  smart  composites.  The 
advanmges  of  SMA  actuators  are  several  transformation  types,  large  transformations,  good  compatibility  with  matrix 
materials,  obvious  elastic  moduh  change  caused  by  the  phase  transformations  and  great  recovery  forces  in  the  restrained 
recovery.  Thus  composites  reinforced  with  SMA  wires  can  meet  the  need  of  adaptability.  To  predict  the  adaptability  of 
composites  reinforced  with  SMA  wires,  it  is  necessary  to  research  on  the  thermo-mechanical  characteristics  of  the 
composites  as  the  fundamental  data . 

2.  One-diniensional  constitutive  relation  for  composites  embedded  with  SMA  wires 

SMA  is  a  kind  of  functional  alloy  which  exchanges  the  thermal  energy  with  the  mechanical  energy  by  its  internal 
phase  transformations  ( martensitic  phase  transformation  and  its  reverse  transformation ).  According  to  the  thermodynamics 
principles,  the  one-dimensional  constitutive  relation  of  SMA  in  a  range  of  small  strain  during  the  course  of  stress-induced 
martensitic  transformation  or  the  reverse  transformation  can  be  described  in  the  diffprpntial  form  as 


(j  -E  S  +  GX  +  £2  ^  (1) 

•  • 

where  cr  and  £:  are  the  differentials  of  stress  and  strain  of  SMA  with  respect  to  time  respectively ,  2"  is  the  differential  of 

temperature  with  respect  to  time  and  ^  is  the  differential  volume  fraction  of  martensite  ( 0  <  ^  <  1)  with  respect  to  time.  E, 

<9  and  are  elastic  modulus,  thermo-coefficient  and  phase-transformation  coefficient  of  SMA  respectively. 

Cosine  function  can  be  used  to  describe  the  dependence  of  ^  on  Tand 
During  the  phase  transformation  from  martensite  to  austensite,  ^is  given  by 
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(2) 


—  ^\cos{aA{T-As)-^  aa]  +  l 

2  (^A 

and  during  the  martensitic  transformation,  i.e.,  from  austensite  to  martensite 

^Jjll±cos[aM{T-Mf)-^  C7,]+- 


where  &  and  4f  are  iTiitial  martensite  volume  fractions  when  the  A^M  or  M->-A  transformation  starts,  Q  and  Cm  are 
equivalent  coefficients  of  crand  T  during  the  M->A  or  Ah^M  transformation,  and  and  au  are  the  material  constants  of 

SMA 


M-M, 


where  and  A/  are  the  austenite  start  and  finish  temperatures  under  stress-free  conditions  respectively,  and  Mf  are  the 

martensite  start  and  finish  temperatures  under  stress-free  conditions  respectively.  .  ,  ^  ^ 

Considering  the  effect  of  changeable  elastic  modulus,  E,  of  embedded  SMA  on  the  stiffiiess  of  the  SMA-remforced 
composite  structure,  it  is  assumed  that  £  is  a  function  of  ^  Equation  (1)  can  be  written  in  the  Mowing  differential  form 

doi=£ri;dft+i2d^+^dr  (5) 

where  the  subscript  ‘a  ’  indicates  SMA  actuator,  and  the  elastic  modulus  E(^)  is  assumed  to  be  in  the  form 

E(0=  ^  (oos^jr+l)+EM 

where  £4  and  Eat  are  elastic  moduh  of  SMA  in  the  case  of  austenite  and  martensite,  respectively. 

Along  the  SMA  wire’s  direction,  the  stress  and  strain  of  the  composite  matrix  are  denoted  and  ^  ,the  elasUc 
modulus  and  the  tViprmal  expansion  coefficient  of  the  matrix  are  denoted  Em  and  Om ,  the  volume  flnction  of  the  SMA  wires 
and  the  matrix  are  denoted  £,  and  V„  ,and  the  stress  and  strain  of  the  composite  reinforced  with  SMA  wires  are  denoted  cr 

and e, respectively.  ,  .  ,  ,  ,  .  ..v  ■  a 

As  shown  in  Fig.  1,  when  the  composite  reinforced  with  SMA  wires  is  umaxially  stressedjthe  strain  of  the  SMA  wires  and 

the  matrix  are  assumed  to  be  the  same  and  to  equal  the  composite’s  strain 

d5n=d4=d£ 


Fig.  1 A  composite  lamina  reinforced  with  SMA  wires 


From  the  mechanical  equihbrium  considerations,  it  can  be  derived  as 

dcT=Fadc^+I^c^ 

The  one-dimensional  thermo-elastic  constitutive  relation  of  the  matrix  is 

(9) 

Em 

Fliminating  dc^  from  Equation  (8)  and  (9)  leads  to 

d£;„=ida-Vji(7a)/EmVm+ oCmdT  (10) 

Using  the  relation  d  ^  d  1  ^  dT 

Equation  (5)  can  be  described  as 

£(|)  da^  ^ 

From  Equations  (7), (10)  and  (11),  the  one-dimensional  differential  constitutive  equation  of  the  composite  reinforced  with 
SMA  wires  can  be  obtained  as 
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(12) 


V  E  dE  da 

V„  da„  r 


^  da+ 


da  „  dE 

- - - ^-EMnVm-e-Q^W 

V„  Cl 


dE  dE 

where  - and - can  be  given  from  Equation  (2)  and  (3). 

da„  dT 


From  martensite  to  austenite 


d<j 


a 


CIa 

2  Ca 


Ca 


K 

dT 

and  from  austenite  to  martensite 

dT 


2  Cm  Cm 

-  Om  sm[au(T-Mf)-  oj] 

2  Cm 


(13) 


(14) 


where  oi  is  related  to  cr  and  5  in  the  form 

c7.=  -^(c7- F^[^o;„(r-ro)]y  (15) 

where  To  is  the  initial  temperature. 

Equation  (12)  gives  the  differential  relation  of  the  total  stress  and  strain  of  the  composite  reinforced  with  SMA  wires  to 
temperature.  If  one  variable,  among  the  variables  a,  s  and  T,  is  settled  down,  the  relation  of  the  two  others  can  be  obtained 
by  numerical  integratioa 

3.  Experiments  and  numerical  simulations  of  the  thermo-mechanical  characteristics  for  composites  reinforced 

with  SMA  wires 

In  the  experimental  process,  the  composite  sample  reinforced  with  SMA  wires  is  schematically  shown  in  Fig.2.  The 
matrix  is  glass-fiber/epoxy,  Em=6.S2  GPa  and  q;„=6.6x10'^  /  “C.  SMA  wires  are  1.45mm  diameter  50.8  a1%Ni-Ti  wires 
which  contain  3%  plastic  strain,  and  Fa=10%  .The  material  properties  of  the  50.8  at  %Ni-Ti  wires  in  use  are  assumed  and 
listed  in  Table  1. 


Fig.2  A  composite  sample  reinforced  with  SMA  wires 


Table  1.  Material  pro 

perties  of  the  50.8  at  %Ni-Ti  wires 

Ea  Em 

(  MPa  ) 

9 

(MPa/°C) 

Mf  Ms  As  Af 

("C) 

Ca  Cm 

(MPa/°C) 

2.04x10'’  1.56x10''  489.8 

-0.4 

-3  2  45  63 

14.8  14.8 
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Tensfle  properties 


The  experimental  tensile  curves  of  the  composite  sample  reinforced  with  SMA  wires  at  14°C  ,  50°C  and  65°C  are 
shown  in  Fig.3(a)  while  the  corre^nding  simulated  curves  are  shown  in  Fig.3(b).  In  both  Fig.3(a)  and  Fig.3(b),  the  elastic 
moduli  of  the  sample  decrease  as  the  temperature  increases,  and  the  relation  between  the  stress  and  strain  of  the  sample  can 
be  regarded  as  linearity.  Fmthermore,  in  the  simulated  calculations  there  is  httle  difference  whether  the  modulus  of  SMA 
wires  is  constant  or  variable  of  ^  because  the  volume  fiaction  of  SMA  wires  is  low,  and  the  tensile  property  of  the  sample 
mainly  depends  on  the  property  of  the  glass-fiber  /epoxy  matrix.  The  simulated  curves  at  14®C  and  50°C  fit  the  experimental 
curves  better, but  there  is  obvious  difference  between  the  two  curves  at  65°C.  This  is  because  the  matrix  softens  at  65°C, 
leading  to  a  large  transformation  of  the  sample.  The  theoretical  model,  however,  has  the  assumption  of  small  strains. 

Fig.3  The  tensile  curves 

(a)  experimental  curves 

(b)  simulated  curves 


Restrained  recovery 


Restrained  recovery  is  to  keep  the  strain  increment  of  the  sample  being  zero,  i.e.  df  =0,  throughout  the  experiment  at 
continuously  changing  experimental  temperatures.  The  sample  stress,  o;  can  be  obtained  from  the  equation  ■ 

Fig.4  gives  the  relation  of  the  total  stress  and  the  temperature  of  the  sample  under  restrained  recovery  (e=0) .  The  solid  curve 
shows  the  experimental  results  while  the  dotted  curve  shows  the  munerical  simulation.  In  Fig.4,  the  changing  tendency  of  the 
two  curves  is  almost  rmiform,  and  at  the  two  turn  points  in  the  curve  the  phase  transformation  from  martensite  to  arrstensite 
starts  and  finishes.  The  phase  transformation  temperatures  have  increased  due  to  the  effect  of  stress.  Before  the  phase 
transformation  of  SMA  wires,  tire  thermal  expansion  of  the  sample  is  dominant,  and  the  total  stress  of  the  sample  is 
constrictive.  As  the  temperature  increases,  the  phase  transformation  starts.  Then  the  constrained  SMA  wires  exert  large 
recovery  stress  and  the  total  stress  becomes  tensile.  At  the  same  temperature,  there  is  a  stress  difference  between  the 
experiment  and  the  simirlatioa  One  reason  is  also  the  matrix  softening.  Tlie  SMA  wires  may  constrict  shghtiy  as  the  matrix 
softens,  thus  the  state  varies  compared  with  the  restrained  recovery  state.  So  the  experimental  value  is  lower  tiian  the 
simulated  value.  Besides,  the  materials  constants  in  the  simulation,  heating  speed,  the  thermal  conduction  state,  and  etc.,  also 

have  some  influence  on  the  differenre^ _ 

Fig.4  Restrained  recovery 

Free  recovery 

Free  recovery  is  to  keep  the  sample  free,  i.e.,  the  total  stress  of  its  cross  section  is  zero,  throughout  the  experiment  The 
relation  of  the  sample  surface  strain  and  the  temperature  is  shown  in  Fig.  5.  The  solid  curve  is  experimental  results  while  the 
dotted  curve  is  numerical  simulations.  From  35  to  57  °C,  the  simrrlated  cmve  fits  the  experimental  curve  well.  Before  the 
phase  transformation  of  SMA  wires,  the  thermal  erpansion  of  the  sample  is  dominant,  and  the  total  strain  is  tensile.  During 
the  phase  transformation,  the  total  Strain  becomes  constrictive.  This  is  caused  by  the  recovery  of  SMA  wires,  which  are 
constrained  by  the  matrix.  SMA  wires  apply  to  the  matrix  axial  constriction,  which  is  much  larger  than  the  thermal 
e}q)ansion  action  of  the  matrix  In  the  free  recovery,  the  interaction  between  SMA  wires  and  the  matrix  completely  depends 
on  their  interfaces.  When  the  temperature  is  beyond  60  ®C,  the  matrix  softens,  and  the  capability  of  load  carrying  on  the 
interfeces  becomes  weaker  and  weaker.  In  the  simulation,  the  above  mentioned  points  are  not  considered  leading  to  the 
obvious  difference  between  the  two  curves  above  60  ®C. 

_ Fig.5  Free  recovery _ 


4.  Conclusion 

Recently  there  is  much  interest  in  composites  reinforced  with  SMA  wires  due  to  its  adaptive  functions.  But  it  is  difficult  to 
completely  describe  the  constitutive  relation  of  composites  reinforced  with  SMA  wires  using  one  model  or  formula  because  of 
the  complicated  thermo-mechanical  properties  of  SMA.  In  this  paper,  an  one-dimensional  constitutive  relation  of  composites 
reinforced  with  SMA  wires  is  derived,  utilising  the  Tanaks’s  model  of  SMA  and  assuming  that  the  modirlus  of  SMA  is  the 
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cosine  function  of  tlie  martensite  fiaction.  Botli  the  experimental  and  simulated  results  show  tliat  Uie  tlienno-mechanical 
model  can  describe  die  mechanical  properties  of  the  reinforced  composites  at  some  extent.  The  further  research  should  be 
done.  Besides,  attentions  should  be  paid  to  the  influence  of  the  temperature  on  the  matrix  properties  and  the  compatibility  of 
SMA  wires  with  the  matrix. 
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ABSTRACT 

The  Ti(C,N)  film  has  been  synthesised  by  ion  beam  assisted  deposition  in  our  study,  in  which  a  TiC  target  was 
bombarded  by  argon  ion  beam.  Sputtreing  deposition  of  Ti,  C  and  bombardment  with  argon  ion  beam  were  done 
simultaneously  under  the  environment  of  nitrogen  gas.  The  component  depth  profiles  and  structure  of  the  film  were 
analysed  by  means  of  AES  and  X-ray  diffraction.  Our  results  shows  that  the  Ti(C,N)  film  was  composed  of  TiC 
crystallites  with  random  orientation  and  composed  of  TiN  crystallites  with  preferential  orientation  and  with  small 
grain  size.  It  was  confirmed  that  there  is  a  wide  intermixed  region  of  Ti,  C,  N  and  Fe  at  interface  between  the  film 
md  the  substrate.  The  Ti(C,N)  film  formed  by  ion  beam  assisted  deposition  exhibits  superior  hardness  and 
improvement  over  the  wear  resistance  and  fnction  properties. 

Keywords:  ion  beam  assisted  deposition,  Ti(C,N)  film. 


1.  INTRODUCTION 

Ion  beam  assisted  deposition  is  very  useful  for  improving  adhesion  between  film  and  substrate,  and  for 
controlling  chemical  component  and  thickness  of  film  and  possibility  of  synthesising  film,  and  for  growing  film  at 
low  temperature.  The  TiN  film  formed  by  this  method  exhibits  good  wear  resistance,  but  the  hardness  of  the  film  ;s 
lower  than  that  prepared  by  PVD  or  CVD'‘"''.  In  this  paper,  we  studied  how  to  synthesised  the  Ti(C,N)  films  by  ion 
beam  assisted  deposition  and  the  result  of  investigation  on  composition,  structure  and  mechanical  properties  of  the 
film  are  also  presented. 


2.  EXPERIMENTAL 

The  synthesis  of  Ti(C,N)  film  was  carried  out  using  an  ion  beam  assisted  deposition  system,  in  which  a 
polished  Crl2MoV  steel  substrate  was  bombarded  by  nitrogen  ion  beam  before  TiC  target  was  bombarded  by  argon 
ion  beam.  Sputtering  deposition  of  Ti,  C  and  bombardment  with  argon  ion  beam  onto  Crl2MoV  steel  substrate  were 
done  simultaneously.  The  Deposition  rate  of  Ti,  C  was  2.8  lun/s.  Finally,  thickness  of  films  was  about  2|im. 

The  composition  and  structure  of  the  film  was  analysed  by  means  of  AES  and  X-ray  diffraction.  The 
microhardness  of  the  film  was  measured  by  use  of  a  microhardness  tester  with  a  load  weight  of  0.25  N.  The 
coefficient  of  friction  of  the  film  was  measured  on  a  fine  coefficient  of  friction  tester  with  a  load  weight  of  2.9N  and 
sliding  speed  of  Imm/s.  The  wear  tests  were  conducted  on  the  “come-and-back”  wear  testing  machine.  The  20N, 
SON,  40N  and  SON  load  were  applied  respectively.  The  cross  of  wear  trace  was  measured  by  the  outline 
measiuement  and  the  micrographs  of  that  was  observed  by  means  of  SEM. 


3.  RESULT  AND  DISCUSSION 

The  AES  spectrum  of  the  Ti(C,N)  film  deposition  on  a  Crl2MoV  steel  substrate  is  shovra  in  Fig.l.  It  can  be 
seen  that  each  component  is  well  distributed  with  depth  profiles  of  the  film.  There  is  a  wide  intermixed  region  of  Ti, 
C,  N  and  Fe  at  the  interface  between  the  film  and  the  substrate.  It  can  be  presaged  that  the  film  is  very  high  bonded 
with  the  substrate.  Fig.2  is  the  X-ray  diffraction  pattern  of  the  Ti(C,N)  film,  which  was  composed  of  TiC  and  TiN 
crystallites.  The  order  of  peak  strength  and  the  half  width  of  peaks  imply  that  the  TiC  with  random  orientation,  TiN 
with  preferential  orientation  and  with  small  grain  size.  Fig.3  shows  that  the  cross  of  wear  trace  of  the  Crl2MoV 
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Fig.  1  Depth  profiles  of  Ti(C,N)  film 
components. 
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Fig.2  X-ray  diffraction  pattern  of  Ti(C,N). 
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steel  without  and  with  Ti(C,N)  film  under  20N, 
SON,  40N  and  50N  load.  The  micrographs  of 
wear  trace  of  the  Crl2MoV  steel  without  and 
with  the  Ti(C,N)  film  are  very  crude  and  smooth 
respectively.  The  highest  depth  of  wear  trace  of 
the  Crl2MoV  steel  without  the  Ti(C,N)  film  is 
0.5pm.  but  there  is  a  very  shallow  wear  trace  on 
the  Crl2MoV  steel  with  the  Ti(C,N)  films.  When 
the  depth  of  wear  trace  of  the  Crl2MoV  steel 
with  the  Ti(C,N)  film  get  to  about  2pm,  the 
width  of  wear  trace  increase  continuously  and 
depth  of  that  don’t  increase.  Under  loading  SON, 
the  depth  of  wear  trace  of  the  Crl2MoV  steel 
with  the  Ti(C,N)  film  suddenly  increase  greatly 
and  that  of  the  Crl2MoV  steel  without 
Ti(C,N)fihn  increase  slowly,  which  are 
concerned  in  intermixed  region  of  Ti,C,N  and  Fe 
at  the  interface  between  the  film  and  the 
substrate.  More  detailed  investigation  about 
these  problems  will  be  smdied  in  our  future 
work. 

The  microhardness  of  the  Crl2MoV  steel 
with  the  Ti(C,N)  film  (HV>1600)  is  about  3 
times  that  of  the  Crl2MoV  steel  (HV650).  The 
coefficient  of  friction  of  the  Ti(C,N)  film 
(p=0.09)  is  7  times  less  than  that  of  the 
Crl2MoV  steel  (p=0.62).  The  Ti(C,N)  fihn 
formed  by  ion  beam  assisted  deposition  exhibit 
superior  hardness  and  improvement  over  the 
wear  resistance  and  friction  properties. 

4.  CONCLUSION 

The  Ti(C,N)  film  formed  by  ion  beam 
assisted  deposition  is  composed  of  the  TiC 
crystallites  with  random  orientation,  and 
composed  of  the  TIN  crystallites  witii 
preferential  orientation  and  with  small  grain 
size.  There  is  a  wide  intermixed  region  of  Ti,  C, 
N  and  Fe  at  the  interface  between  the  film  and 
the  substrate. 

The  Ti(C,N)  film  formed  by  ion  beam 
assisted  deposition  exhibits  superior  hardness 
and  improvement  over  the  wear  resistance  and 
friction  properties. 
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Fig.3  The  cross  pf  wear  trace  pf  Crl2MoV  steel 
without  and  withTi(C,N)  film  under  (a)20N, 
(b)30N,  (c)40N,  (d)50N  load  respectively. 
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ABSTRACT 

Reported  in  this  work  are  load  characterization  of  electroactive  films  made  out  of  polymeric  ion-exchange  membrane  materials 
treated  with  a  noble  metal  such  as  platinum.  Load  characterization  under  oscillating  voltage  input  on  the  resulting  composite 
samples  was  then  performed  using  a  PC-platform  data  acquisition  system,  variable  signal  generator,  amplifier  and  load  cells. 
For  fixed  signal  frequency,  various  shape  signals  at  low  voltage  amplitudes  were  then  applied  and  the  corresponding  induced 
forces  measured  by  the  load  cells  and  recorded  via  the  data  acquisition  setup.  The  applied  input  signals  consisted  of  sinusoid, 
square,  saw  tooth,  and  triangular  form  in  order  to  observe  the  difference  in  behavior  and  the  resulting  output  forces  of  the 
actuators.  A  brief  description  of  a  proposed  theory  for  this  type  of  actuator  was  then  discussed.  The  results  showed  that  these 
actuators  exhibit  good  force  to  weight  characteristics  in  the  presence  of  low  applied  voltages. 

Keywords:  lon-Exchange-Membrane-Metal  Composite,  Soft  Actuator,  Artificial  Muscle  Membrane,  Biomimetic  Actuators, 
Polymeric  Actuators,  Composite  Film  Actuators,  Actuator  Fins 

2.  INTRODUCTION 

lon-exchange-membrane-metal  composites  are  highly  active  actuators  that  show  very  large  deformation  in  the  presence  of  low 
applied  voltage  and  exhibit  low  impedance.  They  operate  best  in  a  humid  environment  and  can  be  made  as  a  self-contained 
encapsulated  actuators  to  operate  in  dry  environments  as  well.  They  have  been  modeled  as  both  capacitive  and  resistive 
element  actuators  that  behave  like  biological  muscles  and  provide  an  attractive  means  of  actuation  as  artificial  muscles  for 
biomechanics  and  biomimetics  applications.  Grodzinsky',  Grodzinsky  and  Melcher^’  were  the  first  to  present  a  plausible 
continuum  model  for  electrochemistry  of  deformation  of  charged  polyelectrolyte  membranes  such  as  collagen  or  fibrous 
protein.  Kuhn‘S  and  Katchalsky^  however  should  be  credited  to  have  been  the  first  investigators  to  report  the  ionic 
chemomechanical  deformation  of  polyelectrolytes  such  as  polyacrylic  acid  (PAA),  polyvinyl  chloride  (PVA)  systems.  Kent, 
Hamlen  and  Shafer®  were  also  the  first  to  report  the  electrochemical  transduction  of  PVA-PAA  polyelectrolj^e  system. 
Recently  revived  interest  in  these  area  with  concentration  on  artificial  muscles  can  be  traced  to  Shahinpoor  ,  Shahinpoor  and 
Mojarrad^-'®,  Osada",  Oguro,  Asaka  and  Takenaka*^  Asaka,  Oguro,  Nishimura,  Mizuhata  and  Takenaka'^  Guo,  Fukuda, 
Kosuge,  Arai,  Oguro  and  Negoro'''. 

Essentially  polyelectrolytes  posses  many  ionizable  groups  on  their  molecular  chain.  These  ionizable  groups  have  the  property 
of  dissociating  and  attaining  a  net  charge  in  a  variety  of  solvent  medium.  According  to  Alexanderowicz  and  Katchalsky  these 
net  charge  groups  which  are  attached  to  network  of  macromolecules  are  called  polyions  and  give  rise  to  intense  electric  fields 
of  the  order  of  10‘°  V/m.  Thus,  the  essence  of  electromechanical  deformation  of  such  polyelectrolyte  systems  is  their 
susceptibility  to  interactions  with  externally  applied  fields  as  well  as  their  own  internal  field  structure.  In  particular  if  the 
interstitial  space  of  polyelectrolyte  network  is  filled  with  liquid  containing  ions,  then  the  electrophoretic  migration  of  such  ions 
inside  the  structure  due  to  an  imposed  electric  field  can  also  cause  the  macromolecular  network  to  deform  accordingly. 
Shahinpoor’®’”'‘®“-^^-^‘‘“’^’’^^-^“’^'-^^’”’^‘‘  and  Shahinpoor  and  co-workers‘®-^‘“-^®’^*  have  recently  presented  a  number  of 
plausible  models  for  micro-electro-mechanics  of  ionic  polymeric  gels  as  electrically  controllable  artificial  muscles  in  different 
dynamic  environments.  The  reader  is  referred  to  these  papers  for  the  theoretical  and  experimental  results  on  dynamics  of  ion- 
exchange  membranes  -platinum  composite  artificial  muscles.  Most  Ion  exchange  polymeric  membranes  swell  in  solvents  and  by 
and  large  are  hydrophilic.  This  gives  rise  to  ability  of  the  membrane  to  swell  in  water  which  can  be  controlled  in  an  electric 
field  due  to  ionic  nature  of  the  membrane.  Furthermore  by  placing  two  electrodes  in  close  proximity  of  the  membrane  walls 


294 


SPlEVol.  3040  •  0277-786X/97/$10.00 


and  applying  a  voltage,  the  forced  transport  of  ions  within  a  solution  through  membrane  becomes  possible  at  microscopic 
level.  For  a  solvent  such  as  water  then  local  swelling  and  deswelling  of  membrane  can  be  controlled  depending  on  polarity  of 
the  electrode  nearby  more  like  the  behavior  of  the  bimorphic  materials.  This  can  be  achieved  by  chemical  or  other  possible 
means  of  plating  of  conductive  materials  on  membrane  surfaces.  Platinum  is  one  such  conductor  that  can  be  deposited  on  the 
Ion-Exchange  Membrane  (BEM).  Also  being  ionic  in  microscopic  structure,  lEM  has  the  ability  to  shift  its  mobile  ions  of  the 
same  charge  polarity  within  itself  when  it  is  placed  in  an  electric  field  which  results  in  ionic  attraction  or  repulsion  between  the 
fixed  charges  of  opposite  polarity  contained  in  the  side  groups  within  the  polymer  molecular  chain  (Fig.  1).  This  leads  to  local 
collapse  or  expansion  of  the  polymer  membrane  macroscopically.  Physically  this  causes  a  stress  gradient  on  opposite  sides  of 
the  membrane  causing  it  to  bend.  Therefore  by  applying  an  alternating  signal  at  low  voltage  one  can  achieve  membrane 
oscillation  proportional  to  frequency  and  amplitude  of  the  input  signal.  This  bending  oscillation  can  be  utilized  in  various 
applications  as  propulsion  and  robotic  actuators. 


Figure  1.  Bending  due  to  ion  redistribution  in  ionic  polymer  under  imposed  electric  field. 

3.  Electrodynamic  Modeling 

For  detailed  dynamics  description  and  analysis  of  the  dynamic  theory  of  ionic  polymeric  gels  the  reader  is  referred  to 

24.26.27,29,30,31,32.33.34  j  cu  u-  j  i  19,21  22  25  28  r<-  ■  ■  ,  , 

Shahinpoor  and  Shahrnpoor  and  co-workers  ’  .  Since  ionic  polyelectrolytes  are  for  the 

most  part  three  dimensional  network  of  macromolecules  cross-linked  nonuniformly,  the  concentration  of  ionic  charge  groups 
are  also  nonuniform  within  the  polymer  matrix.  Therefore  the  mechanism  of  bending  is  related  to  migration  of  mobile  ions 
within  the  network  due  to  imposition  of  an  electric  field  (Fig.  2). 


Electrodes 


Figure  2.  Bending  of  lEM-Pt  composite  muscles  due  to  ionic  rearrangement  within  the  network 

Ion  exchange  membrane  (BEM)  chemically  treated  with  platinum  salt  solution  gives  rise  to  lEM-platinum  composites  that 
undergo  large  deformations  in  an  electric  field  of  a  few  volts.  They  also  show  remarkable  vibrational  characteristics  of  about 
30  Hz  bandwidth.  For  experimental  evidence  on  the  dependence  of  deformation  amplitude  on  the  imposed  voltages  and 
frequencies  the  reader  is  referred  to  other  papers  by  this  author  and  his  co-researchers  in  this  conference. 

A  simple  one-dimensional  model  of  electrically-induced  deformation  of  ionic  polymeric  gels  is  such  that : 
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ct=(1/3)E(Co,  CdiX-X-^), 


(1) 


o  =  K(Co,Ci)E*"  (2) 

where  o  is  the  stress,  A,  is  the  stretch,  E(Co,  Ci)  is  the  corresponding  Young’s  modulus  of  hyper-elasticity,  Co  is  the  polymer 
solid  concentration,  Cj,  (i=l,2,....,N)  is  the  molal  concentration  of  various  ionic  species  in  the  aqueous  medium,  k  (Cq,  Cj)  is 
an  electromechanical  coefficient  and  E*  is  the  local  electric  field.  Thus  bending  can  occur  due  to  differential  contraction  and 
expansion  of  outer  most  remote  fibers  of  a  strip  if  an  electric  field  is  imposed  across  its  thickness  as  shown  below  in  Figure  2. 
Comparing  above  equations,  for  constant  stress  developed  in  the  membrane  actuator  and  small  A,  a  simple  linear  correlation 
between  electric  field  E*,  and  stretch  A  is  observed.  This  relation  was  in  fact  verified  by  the  author  and  co-workers  in 
laboratory  measurement^^. 

4.  EXPERIMENTAL  WORK 


Nafion-117™  polymeric  ion-exchange  membrane  was  acquired  from  commercially  available  source.  This  membrane  is  about 
0.17mm  thick  and  can  be  purchased  as  wide  as  one  meter  and  any  desired  length.  The  membrane  was  then  chemically  cleaned 
and  treated  with  platinum  to  form  a  composite  that  is  active  under  electric  field  of  low  voltage.  The  thickness  after  chemical 
plating  was  about  0.2mm.  The  membrane  was  then  fully  hydrated  in  pure  water  bath.  It  was  then  cut  in  standard  size  of 
15mmx5mm  which  was  measured  to  be  0.04grams  in  weight.  A  load  cell  (Transducer  Techmques,  model  GS-30,  30  grams 
capacity)  and  corresponding  signal  conditioning  module  (Transducer  Techmques,  model  TMO-1)  together  with  a  power 
supply  was  setup  and  connected  to  a  PC-platform  data  acquisition  and  signal  generation  system  composed  of  a  12-bit  analog 
output  board  (National  Instrument  AT-AO-10)  and  a  16-bit  multi-input-output  board  (National  Instrument  AT-MIO-16XE- 
50).  A  Nicolett  scope  was  used  to  monitor  the  input  and  output  waveform.  Labview  software  was  used  to  write  a  program 
to  generate  various  waveform  such  as  sinusoid,  square,  saw  tooth,  and  triangular  signals  at  desired  frequency  and  amplitude 
(Fig.  3).  Also  a  program  was  written  to  convert  the  output  data  from  the  load  cell  to  force  values  and  display  on  the  monitor. 
The  membrane  actuator  was  then  attached  at  one  end  to  the  load  cell  (load  application  point)  and  freed  at  the  other  end  to  be 
placed  between  two  platinum  electrode  plates  of  0. 1mm  thick  (Aldrich  Chemicals)  which  formed  the  jaws  of  a  plastic  forceps 
(Fig.  4).  Therefore  the  effective  length  of  the  membrane  was  10mm  when  5mm  of  the  total  length  was  placed  between  the 


Figure  3 .  Overall  load  cell-data  acquisition  setup  with  corresponding  instrumentation. 
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Figure4.  Load  cell  and  composite  membrane  actuator  interface. 


A  baseline  was  first  established  for  each  waveform  with  membrane  actuator  attached  to  load  cell  and  electrodes  to  measure  the 
initial  pre-load  and  noise  before  actuation.  Then  a  series  of  force  data  was  generated  by  using  a  load  cell  correction  factor  of 
0.255  and  a  constant  frequency  (0.5  Hz)  signal  input  of  1.5,  2.0,  2.5,  and  3.0  V  rms  amplitude  voltages  respectively.  The 
resulting  graphs  were  then  adjusted  for  initial  noise  and  pre-load  and  plotted  over  5  seconds  period  (2.5  cycles). 

5.  RESULTS  AND  DISCUSSION 

The  results  showed  that  sinusoid  and  triangular  waveform  input  to  the  lEM-pt  actuator  generate  more  symmetric  output 
forces,  meaning  they  are  relatively  equal  in  either  direction  of  travel  (Fig.  5).  The  maximum  forces  were  generated  at  higher 
input  voltage  amplitudes  (3.0  V  rms  maximum)  for  most  wave  forms.  The  square  and  saw  tooth  input  wave  forms  produced 
more  nonuniform  results  in  a  sense  that  all  or  most  of  the  generated  forces  were  in  one  direction  (Fig.  6).  This  can  be 
attributed  to  the  fact  that  there  is  insufficient  time  for  ion  travel  to  take  place  when  the  signal  switches  its  polarity.  However 
for  the  saw  tooth  signal,  the  voltage  starts  at  zero  and  reaches  a  maximum  in  positive  direction  which  results  in  force  in  one 
direction  alone  where  in  this  case  resulted  in  tension  or  downward  movement  of  the  lEM-pt  actuator.  The  next  paragraph 
explains  in  details  the  effect  of  individual  input  waveform  on  the  membrane  actuator. 

Sinusoid  Input:  This  wave  produced  a  uniform  force  in  either  direction  of  travel  (tension  and  compression  of  the  load 
cell).  The  output  followed  input  best  at  2.5  V  amplitude.  However  the  maximum  forces  were  generated  at  3.0  V  input  and 
reached  0.5  grams  (10  times  actuators  mass)  in  either  directions.  This  input  shape  appears  to  be  more  suitable  for  robotic 
controls  where  application  of  forces  are  involved  for  proper  calibration  and  desired  force  response  and  command  inputs. 

Square  Input;  This  wave  generated  the  maximum  output  forces  of  all  input  wave  forms  reaching  1 .25  grams  (over  3 1 
times  actuators  mass)  in  upward  movement  (load  cell  in  compression)  at  2.5  V  amplitude.  The  reason  for  lower  output  at  3.0 
V  is  not  clear  but  square  voltage  causes  sudden  change  of  polarity  which  can  attribute  to  rapid  dehydration  and  heating  of  the 
membrane  actuator  all  of  which  lead  into  increase  in  output  in  one  direction  only  and  may  lead  into  actuator  failure.  At  higher 
voltages,  the  generated  forces  appeared  to  shift  toward  negative  (load  cell  in  compression  or  upward  movement). 

Saw  Tooth  Input:  This  signal  generated  uniform  forces  in  downward  motion  (load  cell  in  tension)  only  reached  a 
maximum  of  0.65  grams  (16  times  actuators  mass)  at  3.0  V  input. 

Triangular  Input:  This  wave  form  also  produced  a  uniform  force  in  both  direction  of  travel  and  reached  a  maximum  of 
0.7  grams  (17.5  times  actuators  mass)  at  3.0  V  in  upward  direction.  However  the  best  symmetry  was  observed  to  be  at  1.5  V. 
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6.  CONCLUSION 


Polymer  composite  actuators  such  as  lEM-Pt  proved  to  be  practical  for  applications  requiring  small  load  and  possibly  in 
micro-actuation.  These  materials  exhibit  remarkable  force  to  mass  ratio  (as  hi^  as  30  for  these  samples)  and  are  inexpensive 
to  manufacture.  Depending  on  quality  of  manufacturing  process  control,  actuators  producing  force  in  the  order  of  over  50 
times  their  mass  have  been  observed  previously  in  laboratory.  The  experimental  results  showed  that  they  are  also  sensitive  to 
the  shape  as  well  as  the  amplitude  of  the  applied  input  signal  and  result  in  different  force  responses  accordingly. 

For  robotic  controls,  sinusoidal  input  at  low  amplitudes  produce  more  uniform  response  but  at  low  magnitudes.  This  will 
enable  a  simple  controls  circuitry  requirement  to  integrate  the  lEM-Pt  actuator  in  a  robotic  system  such  as  gripper. 
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